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FOREWORD 

The Reactor Development Program P r o g r e s s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical p rogress which have occurred in 
both the specific reactor projects and the general engineer
ing research and developnnent p rograms . The report is or
ganized in a way which, it is hoped, gives the c leares t , most 
logical overall view of p rogress . The budget classification 
is followed only in broad outline, and no attempt is made to 
report separately on each sub-activity number. Fur the r , 
since the intent is to report only items of significant prog
r e s s , not all activities are reported each month. In order 
to issue this report as soon as possible after the end of the 
month editorial work must necessar i ly be limited. Also, 
since this is an informal progress report , the resul ts and 
data presented should be understood to be pre l iminary and 
subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
repor ts . 

The last six reports issued 
in this ser ies are : 

February 1966 ANL-7176 

March 1966 ANL-7193 

April 1966 ANL-7204 

May 1966 ANL-7219 

June 1966 ANL-7230 

July 1966 ANL-7245 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for August 1966 

EBR-II 

Run No. 20 was completed after 700 MWd of reactor operation. 
A short, low-power run was made before and after this run to i r radiate 
neutron-flux wi res . Run No. 21, giving 610 MWd, was completed on 
August 27. Integrated reactor power at this time is 9880 MWd. Currently 
195 experimental samples are in the reactor in connection with the LMFBR 
fuels development program. 

A scheduled shutdown was initiated for the purpose of required tes t 
ing, maintenance, and planned modifications. 

ZPPR 

The construction contractor was notified to proceed with work. 
Drilling of pilot and pitting holes has begun. Fabrication of fuel elements 
has begun. 

ZPR-3 

In Assembly 48, a large plutonium-fueled soft-spectrum core , the 
reactivity coefficients of a number of mater ia l s were measured at the core 
center by use of an automatic sample changer. 

ZPR-6 and -9 

Equipment for fabricating Doppler-effect fuel elements of PuOj has 
been procured. 

AARR 

Crit ical-facil i ty measurements indicate that the maximum reactivity 
gain due to voiding of the ITC would occur for a void la rger than 70% of 
ITC volume. 

Some of the problems attendant to the design of a neutron "window" 
may be resolved by using steel instead of aluminum for an 8-in.-thick sec
tion of the window. 

St ress analysis of the reactor vessel inlet and outlet nozzles indicates 
that calculated s t r e s se s a re all below the design l imits . 

Analysis of digital-computer calculations indicate that the use of con
stant thermal proper t ies for fuel-plate mater ia l s provides adequate accuracy 
for calculations of t ransient t empera tures . 
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I. LIQUID-METAL FAST BREEDER REACTORS 

A. Fuel Development 

1. Metal Fuels 

a. Irradiation of Uranium-Plutonium Alloys. Twenty full-length 
(35.6 cm) metal fuel rods a re undergoing irradiat ion in the EBR-II reactor . 
Details a re summarized in Table I. 

TABLE I, Status o( Metal Fuel Irradiations In Progress 

Test Capsule 
Reactor or S/A No. 

CP-5 

EBR-
EBR-

EBR-
EBR-
EBR-
EBR-

EBR-
EBR-
EBR-
EBR-
E8R-
EBR-
E6R-
E6R-
EBR-
EBR-
EBR-
EBR* 

CP-5 
EBR-
EBR-

CP-5 
CP-5 
CP-5 

CP-5 
CP-5 
CP-5 
CP-5 

CP-5 
CP-5 

CP-5 
CP-5 

CP-5 
CP-5 

CP-45 

1 XG06 
1 XG05 

1 XA07 
1 XA07 
1 XA07 
1 XA07 

1 XA07 
1 XA07 
1 XA07 
1 XA07 
1 XA07 
1 XA07 
1 XA07 
1 XA07 
1 XA07 
[ XA07 
1 XA07 
1 XA07 

CP-W 
1 XG05 
1 XG06 

CP-4I 
CP-41 
CP-41 

CP-41 
CP-41 
CP-41 
CP-43 

CP-50 
CP-50 

CP-50 
CP-50 

CP-50 
CP-50 

Specimen 
Number 

IN 15 

fJD23 
ND24 

^D^8 
N041 
ND32 
ND43 

NDZ5 
ND27 
fJD26 
ND29 
ND30 
ND31 
ND33 
ND34 
ND35 
ND37 
ND39 
N044 

IN 14 
NC17 
NC23 

4M0 
5N11 
6N12 

1N7 
2NS 
3N9 
1N13 

1N16 
4N19 

2N17 
5N20 

3N1S 
6N21 

Fuel 
Composition 

Mo l 

U-19Pu-14Zr 

U-15 Pu-lOZr 
U-15 Pu-lOZr 

U-15 Pu-9Zr 
U-15 Pu-9Zr 
U-15 Pu-9Zr 
U-15 Pu-9Zr 

U-14Pu-12Zr 
U-14Pu-12Zr 
U-14 Pu-12Zr 
U-14Pu-12Zr 
U-14Pu-lZZr 
U-14Pu-lZZr 
U-14Pu-12Zr 
U-14Pu-12Zr 
U-14Pu-l?Zr 
U-14Pu-12Zr 
U-14Pu-12Zr 
U-14Pu-i2Zr 

U-15Pu-10Ti 
U-15Pu-10Ti 
U-15Pu-I0Ti 

U-IO Pu-10 Fz 
U-lOPu-lOFz 
U-10 Pu-10 Fz 

U-15Pu-10Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 
U-15 Pu-10 Fz 

Th-20U 
Th-20U 

Th-10 Pu-10 U 
Th-10 Pu-10 U 

Th-10 Pu-ZOU 
Th-10 Pu-20 U 

Effective 
Density 

m 

66 

66 
66 

75 
75 
75 
75 

76 
76 
76 
76 
76 
76 
76 
76 
76 
66 
66 
66 

69 
63 
63 

77 
79 
84 

77 
79 
84 
73 

75 
75 

75 
75 

75 
75 

Design Parameters 

Cladding 
Composition 

(wfo) 

V-ZOTi 

V-ZOTi 
V-ZOTi 

304 SS 
304 SS 
316 SS 
Hastelloy-X 

304 SS 
304 SS 
316 SS 
316 SS 
316 SS 
316 SS 
Haslelloy-X 
Hastelloy-X 
Hastelloy-X 
Hastelloy-X-280 
Hastelloy-X-Z80 
Hastelloy-X-Z80 

V-ZO Ti 
V-20 Ti 
V-ZOTi 

V-ZOTi 
V-ZOTi 
V-ZOTi 

V-ZOTi 
V-ZOTi 
V-ZOTi 
V-20Ti 

V-ZO Ti 
V-ZOTi 

V-ZOTi 
V-ZOTi 

V-WTi 
V-ZOTi 

Cladding 
ODIin.) 

0.ZO8 

0.209 
0.209 

0.208 
0.208 
0.1% 
0,1% 

0.208 
0.Z08 
0.1% 
0.1% 
0.1% 
0,1% 
0.1% 
0,1% 
0.1% 
0.208 
0.208 
0.208 

0.ZO3 
0,Z09 
0-Z09 

0.1% 
0,193 
0.189 

0.1% 
0.193 
0.189 
0.199 

0.1% 
0.196 

0.196 
0.1% 

0,1% 
0.1% 

Cladding 
Thickness 

(in.) 

0.015 

0.016 
0.016 

O.OZl 
O.OZl 
0.015 
0,015 

O.OZl 
O.OZl 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0 015 
0 015 
0.015 

0.015 
0.016 
0.016 

0.016 
0.016 
0.016 

0.016* 
0.016 
0.016 
0.015 

0.015 
0.015 

0.015 
0.015 

0.015 
0.015 

Power 
Density 
kWfcc'^' 

Z.6 

1.7 
1.7 

2,0 
Z,0 
Z,0 
2.0 

1.9 
19 
1.8 
1.8 
19 
1.9 
19 
1.9 
1,9 
18 
1.8 
1.8 

Z.4 
1.6 
1.6 

1.9 
2.0 
2.1 

1.9 
2.0 
Z.l 
Z.3 

1.9 
1.9 

2.0 
2.0 

1.9 
1.9 

Operat 

Max Cladding 
Temp (°CI 

630 

540 
535 

630 
625 
605 
615 

600 
605 
590 
595 
615 
610 
605 
610 
615 
610 
610 
600 

560 
540 
540 

550 
550 
550 

550 
550 
550 
540 

610 
610 

630 
630 

630 
610 

ng Conditions 

Burn 

a/0 lU » Pul 

9.8 

3.8 
3.6 

3.7 
3.6 
3.5 
3.6 

3.2 
3.3 
3.1 
3.3 
3.6 
3.5 
3.4 
3.5 
3.6 
3.6 
3.5 
3.4 

8.6 
3.7 
3.9 

7.8 
7.8 
7.8 

7.8 
7.8 
7.8 
7.3 

6.7 
6,7 

7.7 
7.7 

4.5 
4.5 

up to Dale 

fiss/cc X 10-^ '^ ' 

Z1.2 

9.1 
8.6 

10.3 
10.0 
9.8 

10.0 

8.2 
3.4 
7.9 
8.4 
9.2 
8.9 
8.7 
8.9 
9.2 
9.0 
8,7 
8.5 

19.8 
8.1 
8.6 

2Z.9 
23.4 
24.9 

2Z.9 
23.4 
24.9 
Z0.3 

3.Z 
3.Z 

3.6 
3.6 

3.3 
3.3 

3Based on effective density. 

Four instrumented, temperature-control led capsules, which 
contain several different types of experimental alloy fuels, are being op
erated in the CP-5 reactor . Table I also summarizes information for these 
specimens. 

U-Pu-Zr alloy is being i r radiated in CP-5 in V-20 w/o Ti alloy 
tubing and has reached a calculated 9.8 a/o burnup at a maximum clad tem
pera ture of 630°C. 

U-Pu-Ti alloy specimen, also jacketed in V-20 w/o Ti alloy 
tubing, has attained a calculated 8.6 a/o burnup at maximum clad tempera
tures of 560°C. 



P o s t i r r a d i a t i o n e x a m i n a t i o n s of U-15 w / o P u - 1 0 w / o Z r fuel 
a l loy j a c k e t e d in Type 304 s t a i n l e s s s t e e l . Type 316 s t a i n l e s s s t e e l , and 

H a s t e l l o y - X tubing a r e be ing c o n 
duc ted . T h e s e s p e c i m e n s had b e e n 
i r r a d i a t e d to 1.7 a / o b u r n u p and a t 
m a x i m u m j a c k e t t e m p e r a t u r e s of 
600°C. At t h e s e t e m p e r a t u r e s , the 
s p e c i m e n s showed e x c e l l e n t c o m 
pa t ib i l i ty b e t w e e n fuel and j a c k e t . 
The t r a n s v e r s e s e c t i o n s of the fuel 
showed t h r e e d i s t i n c t bands tha t 
could be c o r r e l a t e d to p h a s e -
t r a n s f o r m a t i o n t e m p e r a t u r e s ( see 
F ig . 1). The r a d i a l t e m p e r a t u r e 
g r a d i e n t was b e t w e e n 580°C at the 
s u r f a c e and 680°C at the c e n t e r of 
the fuel. The m o s t i m p o r t a n t r e a c 
t ions a r e 7 + /3 - «, + C at 655°C 
and a + 7 ^ 6 + ? at 595°C. As 
an t i c ipa t ed , the fuel had swe l l ed to 
the i n t e r n a l d i a m e t e r of the c l a d 
ding, and the bond s o d i u m was e n 
t i r e l y d i s p l a c e d into the gas p l enum. 
F i g u r e 1 a l s o shows tha t o r i g i n a l 
void v o l u m e , which had e x i s t e d as 
a s o d i u m - f i l l e d annu lus a r o u n d the 
so l id naetal fuel pin a t the s t a r t of 

i r r a d i a t i o n , b e c a m e r e d i s t r i b u t e d th roughout the fuel vo lume in the f o r m 
of f ine ly-d iv ided p o r o s i t y . 

A U-15 w / o P u - 1 0 w / o Fz fuel pin j a c k e t e d in V-20 w / o Ti tubing 
was being i r r a d i a t e d in the C P - 5 r e a c t o r at m a x i m u m j a c k e t t e m p e r a t u r e s 
of 540°C. Th i s s p e c i m e n was one that had a s e l e c t e d conf igura t ion , and the 
object ive of the t e s t was to d e t e r m i n e the m a x i m u m a t t a inab l e b u r n u p be fo re 
j acke t f a i l u re . When the fuel had r e a c h e d a c a l c u l a t e d 7.3 a / o b u r n u p , the 
t h e r m o c o u p l e s indica ted that the j acke t had fa i led. A n e u t r o n r a d i o g r a p h of 
the i r r a d i a t e d capsu le conf i rmed the j a c k e t f a i l u r e . T h i s fuel r od wi l l be 
de s t ruc t i ve ly examined in the a l p h a - g a m m a m e t a l l u r g i c a l hot c e l l fac i l i ty . 

2. Oxide Fue l s 

1. Transverse Section of U-15 w/o Pu-10 w/o Zr 
Alloy Jacketed in Haslelloy-X and Irradiated to 
1.7 a/o Burnup at a Maximum Cladding Tem
perature of eoo'̂ C. The concentric bands in 
the fuel were correlated to phase-transformation 
temperatures. (Magnification IGX) 

a. P a r t i c u l a t e Fue l E l e m e n t s . T h i r t y fuel s p e c i m e n s of UOa-PuOj 
in the fo rm of s o l - g e l s p h e r e s and p a r t i c u l a t e m a t e r i a l f r o m the Dynapak 
p r o c e s s a r e needed for i r r a d i a t i o n in F E R M I and in E B R - I I . A p a r t i a l s h i p 
men t of so l -ge l s p h e r e s has been r e c e i v e d f r o m ORNL. The p a r t i c u l a t e 
m a t e r i a l has been r e c e i v e d and r e d u c e d to p r o p e r s i z e f r a c t i o n s . 



In the past, feed preparation for vibratory compaction processes 
was ca r r ied out by laboriously and inefficiently crushing mater ia ls by hand. 
Commercial ly available, laboratory-type jaw crushers are large and cum
bersome from the standpoint of glovebox operation. In addition, control 
over jaw spacing is crude, and hourly capacities upward of 1 0 to 20 times 
our normal crit icali ty limit is typical. A jaw crusher built with micrometer 
stroke and jaw adjustments (see Fig. 2) was used to crush the mater ia l de
scribed above. 

VIBRATORY FEEDER 
MOVABLE JAW 

STATIONARY JAW 

Fig. 2. Jaw Crusher and Feeder 

b . Oxide and C e r m e t F u e l I r r a d i a t i o n s in E B R - I I . The s t a t u s of 
m i x e d oxide and s t a i n l e s s s t e e l - P u 0 2 c e r m e t s p e c i m e n s unde r i r r a d i a t i o n 
in E B R - I I is shown in T a b l e s II and III. The c e r m e t s w e r e m a n u f a c t u r e d 
by B a t t e l l e N o r t h w e s t L a b o r a t o r i e s and p r e p a r e d for i r r a d i a t i o n by Argonne 
N a t i o n a l L a b o r a t o r y . 

TABLE II. Status of tfO^-M w/o PUO2 Irradiations in Progress In EBR-II 

Capsule 
or S/A No, 

X009 
X009 
XOll 
XOll 
XOll 
XOll 
XOll 
XOll 
XOl l 

specimen 
Number 

SOV-5 
SOV-6 
SOV-3 
HOV-4 
TVOV-1 
SOV-7 
SOV-1 
HOV-10 
HOV-15 

Eftective 
Density 

1%) 

8Z 
8Z 
83 
80 
77 
85 
SO 
86 
SO 

Design Parameters 

Cladding 
Composition 

304 SS 
304 SS 
304 SS 
Hastelloy-X 
V-20 w/o Ti 
304 SS 
304 SS 
Hastelloy-X 
Hastelloy-X 

Cladding 
OD(in,l 

0.297 
0.297 
0,2% 
0.295 
0,297 
0,2% 
0,2% 
0.295 
0.295 

Cladding 
Thickness 

(in.) 

0,020 
0.020 
0,019 
0.014 
0.020 
0,019 
0,019 
0.014 
0.014 

Power 
Density 
kW/cc'a' 

1.7 
1 
1 
1 
1 
7 
1 
1 
1 

7 
9 
8 
7 
0 
7 
9 
7 

Operat 

Max Cladding 
Temp (OCl 

555 
565 
610 
600 
575 
630 
590 
615 
590 

ng Condi 

a/o (U * 

2.3 
2 
1 
1 
1 
1 
1 
J 
1 

5 
H 
8 
8 
8 
S 
I 
1 

ons 

Bur 

Pul 

TUP to Date 

t iss/a X 10-20'^' 

4.8 

3.7 
3.5 
3.7 
3.4 

^Based on effective density. 



or S/A No. 

XOll 
XOll 
XOll 

TABLE 

Specimen 
Number 

5P-9 
5P-12 
5U-14 

III. Status of Cermet Fuel 

Fuel 
Composition 

(w/o) 

SS-40 PuOj 
SS-Z7 Pu02 
SS-Z7 UO2 

Irradiations, 

Design Parameters 

Effective 
Density 

(%l 

98 
99 
98 

Cladding 
ODfin.) 

= 
<= 

<= 

Clad in Type 

Cladding 
Thickness 

(in.l 

0.015 
0,015 
0.013 

304 Stainless Steel, in Progress 

Power 
Density 
kW/cc'al 

0.88 
0.59 
0.45 

Operali 

Max Cladding 
Temp |OCI 

495 
450 
435 

in EBR-II 

ing Conditions 

Bur 

a/o tU + Pu) 

Z.5 
Z.5 
1.9 

nup to Date 

fiss/cc X 10-^ ' ^ ' 

1.9 
l.Z 
0.98 

^Based on effective density. 

3. Carbide Fuels 

a. Compatibility of (U,Pu)C with Potential Cladding Materials 

(i) Compatibility with Stoichiometric and Hyperstoichiometric 
(U,Pu)C. Testing of potential iron-, nickel-, and vanadium-based cladding 
materials (see Progress Report for April 1966, ANL-7204, pp. 16-17) with 
single-phase monocarbide and with two-phase hyperstoichiometric carbides 
continues. The single-phase monocarbide being used contains 4.83 w/o equiv
alent carbon, while the hyperstoichiometric carbide contains 5.25 w/o equiv
alent carbon, resulting in a proportionate amount of (U,Pu)2C3 as a second 
phase. 

Haynes 56 alloy, which showed no reaction with either ca r 
bide composition at 800°C for 42 days (approximately 1000 hr), is being 
tested under more severe conditions. Compatibility couples containing this 
material and heat-treated at 900°C for 42 days have been examined metal-
lographically. Again, no reaction was observed between this mater ia l and 
either carbide composition. Other compatibility couples containing this 
material are being heat-treated at 800°C for 167 days. 

Alloy 16-25-6, which showed a distinct mottled effect and a 
disappearance of grain boundaries to a depth of 25 to 35 fi when tested with 
the carbide compositions at 800°C for 42 days, has been tested at 700°C for 
the same length of time. A somewhat similar, but less distinct, effect has 
been observed at this temperature. After etching, grain boundaries that 
were distinct in the interior portion of the cladding could no longer be seen 
within about 50 fi of the interface. The very fine mottled s tructure, thought 
to be molybdenum carbide precipitates, still found in the 800°C specimens, 
have not been observed in the 700°C specimens. 

Two previously untested alloys, Inconel 625 and V-15w/oCr-
5 w/o Ti, are currently being tested. 

Since many of the 700 to 900°C tests have shown only re la 
tively slight differences between the effects of the (U,Pu)C and hyperstoi
chiometric (U,Pu) carbides, more severe tests are planned to indicate more 
clearly the role played by the sesquicarbide phase. Accordingly, pellets of 
(Uo.ePuo.zJzCj are being prepared. 



(ii) Uranium Sulfide Additions to Hyperstoichiometric (U.Pu) 
Carbides. Based on the work of Shalek and White on the UC-US system, 
there are indications that sulfide additions to uranium carbides can result 
in better compatibility between the carbides and potential cladding mater ia l s . 
For this reason, a prel iminary study of the effects of sulfide additions on 
hyperstoichiometric (U,Pu)C has begun. 

An arc-mel ted button of (UO.SPUQ.Z) carbide containing 
5.3 w/o equivalent carbon was crushed to less than 44 fi and divided into 
three par ts ; s imilarly sized US powder was blended with the carbide powder 
in two of the parts in amounts constituting 15 and 3 0 w/o of the batches. 
After pressing, the pellets were fired at 1900°C for 2 hr, then refired at 
2000°C for 2 hr, but high-density pellets were not obtained from the mixed 
powders. Geometric densities a re given in Table IV. 

T A B I J E IV. F i r e d D e n s i t i e s of (U,Pu)C + US M i x t u r e s 

Hyperstoichiometric 

(U,Pu)C 
(w/o) 

100 

-
85 

70 

US 
(w/o) 

-
100 

15 

30 

Firing 

Temp 
(°C) 

1900 

1900 

1900 

2000 

1900 
2000 

Geometric 
Density 
(g/cm=) 

11.61 

9.79 

10.07 

10.41 

9.53 
9.79 

Estimated 
% Theoretical 

Density* 

87 

90 

77 
80 

75 
77 

• B a s e d on d e n s i t i e s of (Uo,8Puo.2)C, (UQ.SPUO.2)2^3, and US, and a s s u m i n g 
no i n t e r a c t i o n . 

Further attempts will be made to promote sintering in the 
carbide-sulfide mixtures in order to achieve greater densification. 

(iii) Irradiations in EBR-II. The status of mixed carbide speci
mens under irradiat ion in EBR-II is shown in Table V. A hazards analysis 

TABLE V. Status of UC-M w/o PuC IrraOlatlons In Progress In EBR-I 

or S/A No. 

XG05 
XG05 
XG05 
X008 
X008 
X008 
X008 
XO08 
XO08 
X008 
X008 
X009 
X009 
X009 

^Basedon 

Ishalek, P. D., 

specimen 
Number 

SMV-Z 
HMV-5 
NMV-11 
NMP-Z 
NMV-4 
NMV-7 
NMV-12 
HMV-1 
HMV-4 
HWMP-! 

mm-i 
SMV-1 
SMP-1 
VMV-1 

effective densily. 

and White, 

Effective 
Density 

(%l 

84 
80 
84 
82 
80 
80 
86 
80 
80 
82 
83 
82 
80 
86 

, G. D. 

Design Parameters 

Cladding 
Compos il ion 

304 SS 
Hastelloy-X 
Nb-1 w/o Zr 
Nb-1 w/o Zr 
fJb-1 w/o Zr 
Nb-1 w/o Zr 
Nb-1 w/oZr 
Hastelloy-X 
Hastelloy-X 
Hastelloy-X + W 
Hastelloy-X * W 
316 SS 
316 SS 
Vanadium 

, "Studies ir 

Carbides in Nuclear Energy, Vol . I. Macmii 

Cladding 
OD (in.) 

0.297 
0.297 
0,281 
0.281 
0,281 
0.281 
0.281 
0.297 
0.297 
0.297 
0.297 
0.306 
0.306 
0.301 

I the Sy; 

Cladding 
Thickness 

tin.) 

0.020 
0.015 
0.012 
0.012 
0.012 
0.012 
0.012 
0.015 
0.015 
0.020 
0.020 
0.024 
0.024 
0.022 

Power 
Density 
kW/cclal 

2.1 
2,2 
2,1 
1.6 
2,4 
2.1 
2.4 
2.1 
23 
1.6 
24 
1.6 
2.1 
25 

Stem Uranium 

Operatt 

Max Cladding 
Temp fiO 

645 
670 
645 
545 
635 
605 
635 
640 
670 
555 
685 
570 
640 
640 

ng Condit 

a/o fU + 

3.8 
3.9 
3.9 
2.2 
3.1 
2.8 
3.1 
2.8 
3.0 
2.1 
3.1 
2.3 
1.8 
2.7 

Carbide-Uranium 

[Ian and Co., Ltd., London (1964). 

ions 

Burr 

P(j) 

Su 

lup to Date 

fiss/ci 

Ifide 

: x lO-a ) ' ^ ' 

10.4 
10.2 
10.8 
5.8 
8.2 
7.5 
8.7 
7.3 
8.1 
5.6 
8.5 
6.3 
4.7 
7.6 



of four rods containing physically mixed UC and PuC powders, vibratory-
compacted solid solution (U,Pu)C powder, and UC-20 w/o PuC pellets was 
completed for consideration by the EBR-II Irradiations Review Committee. 

4. Fuel Cladding and Structure 

a. Development of Refractory-metal Alloy for Service in Oxygen-
contaminated Sodium. Exposure of V-20 w/o Ti (TV-20) samples for 32 hr 
to flowing sodium (2.45 cm/sec) containing 2 to 5 ppm oxygen by weight in 
the temperature range from 550 to 750°C has been completed. Under these 
conditions the alloy gains weight according to a parabolic rate law, p r i 
mari ly a result of solution of oxygen in the metal, resulting in a hardened 
layer at the surface. The rate constant determined from two or more runs 
at a given temperature varied from 2.5 x I C * (mg/cm^)^ h r " ' at 550°C to 7 / c 25 X 10-* (mg/cm^)^ hr 

A short ser ies of experiments was performed in order to make 
certain that the excellent corrosion behavior of TV-20 in sodium at 650°C 
in a cold-trapped loop was not due to total depletion of oxygen available to 
the system. About 1 g of NajOj was added to the sodium, and the system 
was operated without refractory alloys for three days with the cold t rap at 
120''C (as indicated by a thermocouple on the outside wall). An initial one-
week exposure of fresh TV-20 coupons (flow of 6.1 m / s e c , and 9 ppm te r 
minal oxygen by weight) gave unexpectedly large corrosion. Even so, 
significantly lower results than previously reported for a dynamic test in 
sodium with 15 ppm oxygen by weight were obtained. It was believed that 
perhaps the time allotted for transfer of the oxygen into the cold t rap 
(three days) was too short, since 1 g Na^Oz would result in an initial con
centration of 300 to 400 ppm oxygen. A second one-week exposure with 
fresh samples produced the expected low weight gains of the same order as 
those obtained in the first week of the interrupted long-time test; terminal 
oxygen concentration was 10 ppm (by mercury amalgamation analysis) . This 
provides evidence that good corrosion behavior of TV-20 can be achieved in 
a cold-trapped sodium system. 

Having reassured ourselves of the acceptability of TV-20 in a 
cold-trapped sodium system, the interrupted 116-day test at 650°C, and 
6.1 m/ sec velocity (see Progress Report for July 1966, ANL-7245, p. 11) 
has been restar ted with the addition of V-5 w/o Cr samples. The V-Cr 
binary appears to be superior to V-Ti with respect to oxygen pickup from 
sodium containing less than 10 ppm oxygen. 

An experiment was performed to see if the relat ive corrosion 
res is tance of alloys remained the same aboye and below the sharp break 
m corrosion behavior at a level of about 10 ppm oxygen. Sheet samples 

^Velocity imparted by rotation of sample cages. 



were exposed first to oxygen-refreshed sodium at 650°C (cold trap at 120°C). 
for one week. The same samples were ground free of corrosion product 
and re-exposed to oxygen-refreshed sodium (cold t rap at 170°C) for a sec
ond week. The resul ts of the two tests a re compared in Table VI. It is ap
parent that the relative amounts of corrosion shift as the oxygen content of 
the sodium is changed. Microexamination of the alloys prior to exposure 
showed evidence of segregation and cracking in the first four alloys listed 
in Table VI. Corrosion penetration along the cracks was noted. 

TABLE VI. Corrosion of Vanadium Alloys in 650°C Sodium 
(Seven-day exposure) 

Weight Change 
(mg/cm^) 

Alloy Cold Trap at 120°C Cold Trap at 170°C 
(Composition in w/o) (8.2, 7.5 ppm O by weight) (15 ppm O by weight) 

V-15 Ti-10 Cr +0.19 -9.6 
Annealed 

V-15 Ti-10 Cr +0.26 -10.0 
40% Cold Work 

V-15 Ti-12.5 Cr +0.16 -8.7 
Annealed 

V-15 Ti-12.5 Cr +0.16 -8.6 
40% Cold Work 

V-40 Ti-10 Cr +0.25 . -5.2 
50% Cold Work 

V-20 Ti +0.48 -7.3 
Annealed 

Other refractory metals a re also of interest to this program. 
Initial tes ts are in progress in an oxygen-refreshed system (cold t rap at 
120°C) at 650°C. Oxygen content, by mercury amalgamation, varies from 
7 to 10 ppm. Samples of Cr, Mo, Ti, Nb, V, and Ta are being exposed 
simultaneously. To date (28 days of exposure), the molybdenum sample is 
unchanged, and the chromium specimen is still metallic in appearance, with 
a weight loss of only 0.08 mg/cm^. Titanium and vanadium samples first 
gained and are now losing weight as some of the oxide is lost. Total changes 
a re small , -0.08 mg/cm^ for the vanadium tab and -0.5 mg/cm for the 
titanium specimen. Tantalum and niobium samples lost weight from the 
start , and at 28 days the tantalum coupon shows a loss of 7.5 mg/cm and 
the niobium tab 0.63 mg/cm^. 



5. F u e l R e p r o c e s s i n g 

P y r o c h e m i c a l p r o c e s s e s a r e being deve loped for p r o c e s s i n g f a s t 
r e a c t o r fuels of the c e r a m i c type (e .g . , oxide or c a r b i d e ) . A p r o c e s s 
which u t i l i z e s l iquid m e t a l - m o l t e n sa l t e x t r a c t i o n s and s a l t - t r a n s p o r t s e p a 
ra t ions^ is c u r r e n t l y being i n v e s t i g a t e d for the s e p a r a t i o n of f i s s i l e and 
f e r t i l e c o n s t i t u e n t s of the fuel f r o m the f i s s i o n p r o d u c t s . The c o n c e p t u a l 
p r o c e s s f lowshee t h a s been d e s c r i b e d p r e v i o u s l y ( s e e P r o g r e s s R e p o r t for 
May 1966, A N L - 7 2 1 9 , pp. 21-22) . 

a. L a b o r a t o r y Inves t i ga t i ons of the O x i d e - r e d u c t i o n S tep and the 
S a l t - t r a n s p o r t S e p a r a t i o n s Step 

(i) S a l t - t r a n s p o r t S e p a r a t i o n S tep . F o r t h i s s t e p , m a g n e s i u m -
c o p p e r al loy is being c o n s i d e r e d for u s e a s the donor so lven t , and MgCl j i s 
unde r c o n s i d e r a t i o n for use a s the s a l t c a r r i e r b e t w e e n the donor a l loy and 
the a c c e p t o r a l loy, e .g . , z i n c - m a g n e s i u m . An e x p e r i m e n t w a s c o n d u c t e d to 
i n v e s t i g a t e the s e p a r a t i o n of z i r c o n i u m f r o m u r a n i u m and p l u t o n i u m . The 
d i s t r i b u t i o n coeff ic ient of z i r c o n i u m be tween m o l t e n MgCl j and z i r c o n i u m -
s a t u r a t e d c o p p e r - m a g n e s i u m a l loy w a s m e a s u r e d a t 800°C. Z i r c o n i u m 
d i s t r i b u t e d s t rong ly in favor of the c o p p e r - m a g n e s i u m a l loy . S ince the z i r 
con ium c o n c e n t r a t i o n s in the MgCl^ w e r e n e a r the l i m i t of d e t e c t i o n , the 
o b s e r v e d z i r c o n i u m d i s t r i b u t i o n coeff ic ient ( r a t i o of w / o z i r c o n i u m in s a l t 
to w / o z i r c o n i u m in m e t a l ) of about 5 x IQ-* r e p r e s e n t s an uppe r l i m i t to 
the a c t u a l va lue . Th i s s m a l l va lue of the d i s t r i b u t i o n coef f ic ien t i n d i c a t e s 
tha t z i r c o n i u m is unl ikely to t r a n s p o r t wi th u r a n i u m or p l u t o n i u m . 

The e x p e r i m e n t was d e s i g n e d a l s o to y i e ld da t a on the so lu 
b i l i ty of z i r c o n i u m in l iquid c o p p e r - m a g n e s i u m a l l o y s . At 800°C the so lub i l i ty 
of z i r c o n i u m v a r i e d f r o m 3.9 w / o in a c o p p e r - m a g n e s i u m al loy con ta in ing 
37.5 w / o m a g n e s i u m to 2.7 w / o in an a l loy con ta in ing 49.1 w / o m a g n e s i u m . 
T h e s e v a l u e s ind ica te tha t it wi l l be p o s s i b l e to s e p a r a t e z i r c o n i u m f r o m 
u r a n i u m by taking advan tage of so lub i l i ty d i f f e r e n c e s ; for e x a m p l e , the so lu 
b i l i ty of u r a n i u m in a c o p p e r - m a g n e s i u m al loy con ta in ing 49 w / o m a g n e s i u m 
i s about 0.07 w / o a t 800°C. 

A c a d m i u m - z i n c a l loy is be ing c o n s i d e r e d a s an a l t e r n a t i v e 
donor a l loy for the c o p p e r - m a g n e s i u m al loy i n d i c a t e d in the c o n c e p t u a l 
f lowshee t . In r e c e n t work , a po r t i on of the u r a n i u m - c a d m i u m - z i n c s y s t e m 
w a s i n v e s t i g a t e d to obta in i n f o r m a t i o n about the so lub i l i ty of u r a n i u m * in the 

In the salt-transport separations, the fissile and fertile materials are selectively transferred from one liquid 
metal solution (donor) to another (acceptor) by cycling a molten salt phase which acts as a carrier between 
the two metal solutions. Noble and refractory-metal fission products remain in the donor alloy. 
In discussing the solubility of uranium in the ternary system, it is necessary to refer to two liquidus fields 
in the region of low zinc concentration. In one field, which is below the transition temperature, the solid 
in equilibrium with the liquid is "UCdj^." In the other field, which is above the transition temperature, 
alpha-uranium is the solid phase. 



te rnary system at low zinc concentrations. The resul ts of this investiga
tion were as follows. The transit ion tempera ture for the peritectic de
composition of UCdii increased from 472 ± 2°C to 485 ± 2°C as the zinc 
concentration was increased from 0.0 to 2.0 w/o zinc. The increase in the 
peri tect ic t ransi t ion temperature may be attributed to an increase in the 
free energy of the compound brought about by the substitution of zinc for 
cadmium in UCdu to produce UCdjj.^Znx. When the liquid phase was 
supercooled to initiate the transit ion of alpha-uranium to UCdu, the degree 
of supercooling decreased with increasing zinc concentration of the mixture. 
It is conjectured that the change in degree of supercooling resul ts from the 
introduction of zinc into the solid phase, and that the smaller zinc atom en
hances nucleation and brings about an onset of crystall ization of the solid 
phase at a higher tempera ture than that for pure UCdu. 

The solubility of alpha-uranium varied at 500°C from 
2.4 w/o uranium at 0.0 w/o zinc to 3.0 w/o uranium at 2.1 w/o zinc. Below 
the transit ion tempera ture , for example at 470°C, the solubility of uranium 
in equilibrium with UCdu or UCdjj.^Zn^j decreases on adding zinc, and 
var ies from 2.4 w/o uranium at 0.0 w/o zinc to 2.0 w/o uranium at 2.1 w/o 
zinc. The re t rograde solubility of alpha-uranium, found in the U-Cd system^ 
continues in the te rnary system up to at least 2 w/o zinc. 

b. Engineering Investigations of Sal t - t ransport Separations. A 
ser ies of experiments is being made to determine systematically the ra tes 
of t ransfer of various solutes (U, Pu, Mg, Zn, and fission products) in the 
sa l t - t ranspor t separation step. The purpose of these tests is to provide 
information which will make it possible to calculate mass - t rans fe r ra tes 
for various batch and continuous versions of the sa l t - t ranspor t separation 
step. In an immiscible liquid metal-molten salt system, the mass transfer 
ra te of a solute is a function of the geometry, mixing conditions, solute 
m a s s - t r a n s f e r coefficient, and difference in solute activities in the bulk 
salt and metal phases . 

The var iables to be studied in this experimental program in
clude t empera tu re , nnixing conditions, vessel volume, metal composition, 
and salt composition. The initial work is concerned mainly with the study 
of the uranium and plutonium mass transfer r a t e s . 

(i) Uranium Extract ions. An experiment involving the extrac
tion of uranium from a liquid Cu-5.5 w/o Mg donor alloy to a molten MgCl^ 
salt phase was completed. All of the uranium (5.5 w/o) was in solution. The 
extraction was ca r r i ed out at 840°C and a s t i r r ing speed of 490 rpm in a 
baffled 44-in.-ID tungsten vessel . The uranium mass - t r ans fe r ra te was 

^Martin, A. E., Johnson, I., and Feder, H. M., Trans . Met. S o c , AIME 
221, 789 (1961). 
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v e r y r a p i d ; g r e a t e r than 99% of the e q u i l i b r i u m c o n c e n t r a t i o n w a s r e a c h e d 
in l e s s than 10 min . The r ap id e x t r a c t i o n was a t t r i b u t e d to the a b s e n c e of 
p r e c i p i t a t e d u r a n i u m . 

(ii) P lu ton ium and C e r i u m E x t r a c t i o n . An e x p e r i m e n t involving 
the s i m u l t a n e o u s t r a n s f e r of p lu ton ium and c e r i u m f r o m a l iquid C u - 3 3 w / o Mg 
donor al loy to a m o l t e n MgCl^-SO m / o N a C l - 2 0 m / o KCl s a l t p h a s e was a l s o 
comple t ed . The e x t r a c t i o n was conduc ted a t 600°C and a t a s t i r r i n g speed 
of 650 r p m in a baffled 2 | - i n . - I D t a n t a l u m v e s s e l . P r e l i m i n a r y r e s u l t s in
d i ca t e that the a p p r o a c h to e q u i l i b r i u m was n e a r l y c o m p l e t e in about 10 m m 
and that the p lu tonium was e x t r a c t e d m o r e r ap id ly than the c e r i u m . 

c. P lu ton ium S a l t - t r a n s p o r t S e p a r a t i o n s . Fo l lowing the s u c c e s s f u l 
comple t ion of u r a n i u m s a l t - t r a n s p o r t s e p a r a t i o n e x p e r i m e n t s which d e m o n 
s t r a t e d the eng inee r ing feas ib i l i ty of th is me thod ( see P r o g r e s s R e p o r t for 
Ju ly 1966, ANL-7245 , p . 14), p l ans a r e in p r o g r e s s to conduc t s i m i l a r ex 
p e r i m e n t s with p lu tonium. E q u i p m e n t and m a t e r i a l s a r e being p r o c u r e d . 

B. E B R - I I 

1. R e a c t o r I m p r o v e m e n t s 

a. O s c i l l a t o r S y s t e m M a r k II. The o s c i l l a t o r rod d r i v e t e s t r ig 
was d i s a s s e m b l e d and in spec ted af ter the f i r s t s e r i e s of t e s t r u n s w h e r e i n 
p r e l i m i n a r y h i g h - s p e e d t e s t r uns had ind ica ted an i n c r e a s e in t o r q u e r e a d 
ings (see P r o g r e s s R e p o r t for July 1966, ANL-7245, pp. 23-25, and Tab le VII 
below). Inspec t ion r e v e a l e d that the two lower d r i v e - s h a f t b e a r i n g s f a b r i 
ca ted f rom Colmonoy No. 4 w e r e s c o r e d ; the two upper b e a r i n g s and the 
o s c i l l a t o r rod b e a r i n g w e r e in good condi t ion . 

T A B L E VII. O s c i l l a t o r Rod O p e r a t i o n 

Oscillator 
Speed 
(rpm) 

0-60 
120-240 

300 
360 
480 

T: 

1 st Series 

12 
15 

7 
-
-

ime Operated (hr) 

2nd Series 

5 
8 
5 
5 

Total 

12 
20 
15 

5 
5 

57 

In a s i m i l a r e x p e r i m e n t in which u r a n i u m p r e c i p i t a t e was p r e s e n t in the 
donor al loy and which was conducted a t 800°C and a t a s t i r r i n g speed of 
810 r p m , the r a t e of u r a n i u m e x t r a c t i o n was s ign i f ican t ly lower ; to a ch i ev e 
g r e a t e r than 99% of the e q u i l i b r i u m c o n c e n t r a t i o n r e q u i r e d about 40 min . 
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A careful examination of the support s t ructure revealed a total 
c learance of 0.045 in. between the bearing c a r r i e r and the test tank sup
port socket. This excessive clearance was reduced to 0.009 in. by making 
minor changes in the test s t ructure . 

The two scored bearings (of Colmonoy No. 4) were polished to 
their original specifications and the matching bearing sleeves (of Stellite 6B) 
were refabricated to maintain the original radial c learances of 0.0025 in. 

The hydraulic, thermal, and s t r e s s investigations for the os
cillator system Mark II have been completed and were found to be very 
satisfactory. 

Sodium flow through the rod is established at a minimum con
trollable ra te . Each of the two internal, parallel , orificing paths have 
0.144-in.-dia holes which provide a sodium flow of 5.7 gpm. When two 
B4C-filled capsules a re present , an increase in sodium temperature of ap
proximately 45°F should occur at an elevation equivalent to the top of the 
core. Tests indicate that 19.3 gpm of sodium passes through the bearing 
below the core and flows upward in the annulus between the oscillator rod 
and its guide tube. Due to heat transfer from adjacent subassemblies, this 
bypassing sodium will increase in temperature by about 50°F at an eleva
tion equivalent to the top of the core and will increase in temperature to 
135°F at the top exit. This has a most desirable moderating effect on 
thermal gradients and associated thermal s t r e s ses within the systems. 

At room tempera ture , the containment-tube expansion-chamber 
assembly is p re s su re tested with 20 atm of helium at room temperature . 
At operating tempera ture , the strength of the 'mater ia l will permit only 
15 atm p res su re . Based on perfect-gas equations, and the assumption that 
all the gas produced from the B(n,a) reaction is released, approximately 
3.4 atm of p r e s su re will be developed in the containment-tube expansion-
chamber assembly for each percent of burnup in the boron carbide tubes. 
With one atmosphere p ressu re (absolute) in the expansion chamber at the 
t ime of c losure, no problems due to gas-expansion p ressu re can be visu
alized for the intended duration of the oscillator rod life. 

For the second run, the first two oscillator rods were loaded 
with boron carbide as presented in Table VIII. Loads 1 and 2 a re adjacent 
on one side of the rod, and loads 3 and 4 are adjacent on the other side. 
Loads 1-3 and 2-4 a re diametrical ly opposite. 

The first oscillator rod (OSC-1) is presently being dynamically 
balanced in its final assembled and s t r e s s - re l i eved condition. The second 
rod (OSC-2) is being welded in its final assembly stage. 
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T A B L E VIII. O s c i l l a t o r Rod Load ings 

Rod No. 

OSC-1 

OSC-2 

Capsu le 
Tube 

1 
2 
3 
4 

1 
2 
3 
4 

M a t e r i a l 

AI2O3 
AI2O3 
B4C 
B4C 

B4C 
SS 

A1203 
SS 

Tub e Loading 

Weight 

(g) 

77.9 
78.0 
78.0 
77.9 

76.2 

* 
75.6 

* 

Leng th 
( in.) 

14.00 
14.01 
13.97 
13.98 

14.00 

* 
13.99 

* 

*Solid s t a i n l e s s s t e e l r o d s . B a s e d on the c h e m i c a l and i s o t o p i c 
a n a l y s e s , the b o r o n c a r b i d e con ta ins 69 p e r c e n t b o r o n - 1 0 . 

b. S o d i u m - s u r v e i l l a n c e P e r i s c o p e . Modi f ica t ion of the p e r i s c o p e 
to e l i m i n a t e p r o b l e m s e x p e r i e n c e d with the op t i ca l s y s t e m w a s con t inued , 
and f a b r i c a t i o n of the r e d e s i g n e d p a r t s was c o m p l e t e d ( s ee P r o g r e s s R e p o r t 
for May 1966, A N L - 7 2 1 9 , p . 3). A s s e m b l y of the new p a r t s i s a p p r o x i m a t e l y 
25% c o m p l e t e . P r e s e n t ef for ts a r e d i r e c t e d t o w a r d obta in ing a s a t i s f a c t o r y 
s e a l of the syn the t i c s a p p h i r e windows to the s t a i n l e s s s t e e l f r a m e s . S e v 
e r a l m e t h o d s being i nves t i ga t ed inc lude a K o v a r - g l a s s - s a p p h i r e l a m i n a t i o n 
t echn ique and a c o m m e r c i a l p r o c e s s which p r o v i d e s a d i r e c t s a p p h i r e - t o -
s t a i n l e s s s t ee l type of s e a l . The p e r i s c o p e a s s e m b l y is e x p e c t e d to be 
c o m p l e t e d in S e p t e m b e r . At that t i m e , the l eak t e s t s and o p e r a t i n g checkout 
wi l l be p e r f o r m e d . 

2. O p e r a t i o n s 

Run No. 20 was c o m p l e t e d on Augus t 6 a f te r a t t a in ing i t s s c h e d u l e d 
700 MWd of ope ra t i on . 

Fol lowing t h i s , s ix s u b a s s e m b l i e s con ta in ing flux w i r e s for p o w e r -
d i s t r i b u t i o n m e a s u r e m e n t s w e r e loaded into four c o r e and two ou te r b l anke t 
l o c a t i o n s , and Run No. 2 0 - B (I h r a t 50 kW) w a s m a d e . T h i s m e a s u r e m e n t 
was p lanned in conjunct ion wi th a s i m i l a r r u n (No. 20 -A) p r i o r to Run No. 20 
( see P r o g r e s s R e p o r t for Ju ly 1966, A N L - 7 2 4 5 , pp. 2 1 - 2 2 ) . P r e l i m i n a r y 
a n a l y s i s of the m e a s u r e m e n t s of f i s s i o n - r a t e d i s t r i b u t i o n f r o m Run No. 20-A 
i s g iven below (Sect ion I .B.4) . 

The f l u x - w i r e s u b a s s e m b l i e s w e r e r e m o v e d , and c o r e loading 
c h a n g e s w e r e m a d e in p r e p a r a t i o n for the fol lowing power r u n . In add i t ion 
to e x p e r i m e n t a l s u b a s s e m b l y X 0 1 2 , 19 s u b a s s e m b l i e s w e r e loaded in to the 



13 

reactor core as follows: ten enr iched-core type, six control rods, two 
enriched inner blanket, and one safety rod. Run No. 21, scheduled for 
610 MWd, was started on August 12, and completed on August 27, at which 
time the integrated reactor power was 9880 MWd. 

The main generator has been repaired by replacing the rotating 
field connection box covers (after radiography) and installing a new forward 
generator bearing (see Monthly P rogres s Report for July 1966, ANL-7245, 
pp. 22-23). Realignment of the turbine and generator was also completed 
and the machine was returned to service for Run No. 21. Operation has 
been satisfactory. 

After Run No. 21, a shutdown period was started to accomplish 
numerous maintenance and modification tasks. An access hole was drilled 
through the small rotating plug into the outer side of the seal trough to 
enable better observation of the condition of the seal and to permit sampling 
of the seal metal (Bi-Sn alloy) to determine whether it is contributing to 
difficulties being experienced in rotating the plugs. If so, correct ive action 
will be taken. 

3. Experimental Irradiations 

Experimental subassembly X012 containing nineteen oxide-fuel 
capsules from NUMEC was assembled, inspected, flow tested, and charged 
into EBR-II position 4B2. X012 is scheduled for about 20,600 MWd of r e 
actor operation at 45 MWt (this residence time will achieve approximately 
100,000 MWd/mt). 

Two alpha-measurement subassemblifts, U-1548X and U-1549X, 
were discharged following Run No. 20. These subassemblies were the 5th 
and 6th to be discharged from a group of eight subassemblies originally 
charged as part of the a lpha-measurement program. 

The flow-calibration program for the recently available Mark-B 
subassemblies was continued. Of the four Mark-B models, the 61- and 
37-pin designs have now been completed, the 19- and 7-pin designs a re 
still to be calibrated. Calibration tes ts have shown dual orificing will be 
required to eliminate cavitation for cases demanding relatively low flow 
ra tes through these subassemblies . 

At the end of Run No. 21, the reactor contained 195 samples of fuel, 
cladding, and other reactor mater ia l s which a re being i r radiated for the 
LMFBR fuels development program. Their status is as follows: 
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Subassembly 

XG02 

XG03 

XG04 

XG05 

XG06 

XA07 

XA08 

XO09 

XOIO 

XOll 

X012 

X013 

X014 

U-1550X 

U-1551X 

Date 
Loaded 

7/16/65 

7/16/65 

7/16/65 

9 /3 /65 

9/3/65 

10/27/65 

12/13/65 

3/24/66 

3/24/66 

5/9/66 

8/1 0/66 

7/1 7/66 

7/1 7/66 

5/6/65 

5/6/65 

Capsule Content 
and Number of 

Capsules ( ) 

UO2-2O w/o PuOa (1) 
Stainless Dummies (IB) 

UO2-20 w/o PUO2 (2) 
Stainless Dummies (17) 

UO2-2O w/o PUO2 (2) 
Stainless Dummies (17) 

UO2-2O w/o PuOj (9) 
U-15 w/o Pu-10 w/o Zr (1) 
U-15 w/o Pu-10 w /o Ti (I) 
UC-20 w/o PuC (3) 
Structural (5) 

UO2-2O w/o PUO2 (12) 
U-15 w/o Pu-IO w/o Zr (1) 
U-15 w/o Pu-10 w/o Ti (1) 
Structural (5) 

U-14 w/o Pu-11 w/o Zr (16) 
Structural (3) 

UC-20 w/o PuC (8) 
St ructura l (11) 

UC-20 w/o PuC (3) 
UO2-2O w/o PUO2 (2) 
304 SS-30 v /o PuOj (I) 
304 SS-20 v/o PUO2 (1) 
UC-20 w/o PuC (3) 
Structural (4) 
St ructura l (3) 
Structural (2) 

UO2-2O w/o PUO2 (4) 
S t ruc tura l (11) 
St ructura l (4) 

UO2-2O w/o PUO2 (7) 
UO2-2O w/o PuOz (9) 
304 SS-30 v / o PUO2 (I) 
304 SS-20 v / o PUO2 (1) 
304 SS-20 v / o UO2 (1) 

UO2-2O w/o PUO2 (19) 

Structural (18) 
Graphite (1) 

Structural (17) 
Graphite (I) 
Graphite (1) 

Alpha Monitor 

Alpha Monitor 

Experi
menter 

G E 

G E 

G E 

GE 
ANL 
ANL 
ANL 
GE 

GE 
ANL 
ANL 
GE 

ANL 
ANL 

ANL 
ANL 

ANL 
ANL 
PNWL 
PNWL 
UNC 
PNWL 
ANL 
GE 

GE 
ANL 
PNWL 

ANL 
GE 
PNWL 
PNWL 
PNWL 

NUMEC 

ANL 
PNWL 

PNWL 
NRL 
GE 

A N L 

A N L 

Accumulated 
Exposure 

(MWd) 

7379 

7379 

7379 

6952 

6952 

6215 

5130 

4310 

4310 

2739 

6 1 0 

1309* 

1309 

8250 

8250 

Goal 
Exposure 

(MWd) 

13,600 

19,450 

39,000 

10,300 

20,600 

18,600 

19,800 

5,130 

19,600 

8,300 

20,600 

1,200 

** 

9,120*** 

9,120 

•Exposure completed, 
• •Maximum attainable before core has reached term,inal s ize 

• • •Min imum acceptable. 
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4. Reactor Physics 

Six Mark-I-fuel control rods have now been replaced with Mark I-A 
fuel. One of these, control rod No. 12, was installed and calibrated in June 
(see P rog re s s Report for June 1966, ANL-7230, p. 3). These rods have 
been calibrated by period nneasurement and by intercomparison. The av
erage reactivity worth of the Mark-I -A control rods is 1.07 t imes greater 
than the Mark-I rods, which is in agreement with corresponding values 
measured for the substitution of standard fuel subassemblies with Mark 1-A. 

Values obtained for calibrations made this month are as follows: 

Control Reactivity Control Reactivity 
Rod Fuel Type Worth (Ih) Rod Fuel Type Worth (Ih) 

1 
3 
5 

Mark I-A 
Mark I-A 
Mark I-A 

139 
138 
145 

7 
10 
11 

Mark I 
Mark I-A 
Mark I-A 

138 
162 
138 

By means of the subcri t ical counting technique, the worths of a pair 
of Mark-I -A safety rods were determined to be 1.2% Ak/k. Data from rod-
drop tests made at the beginning of Run No. 21 are being processed. 

Pre l iminary resul ts have been obtained pertinent to possible radia
tion damage of the beryll ium used in the neutron source. Measurement by 
the MTR staff showed the formation of ~0.5 cc of He'̂  per cc of beryllium 
had been formed in the beryll ium which had been exposed to 5600 MWd of 
reactor operation. Since ear l ie r MTR tes ts sjiowed that swelling of beryl
lium at 600°C does not begin with less than 20 cc of He*/cc of Be it would 
appear that our Sb-Be sources a re capable of much longer residence periods. 

The data from measurements of f iss ion-rate distribution for 
Run No. 20-A have been partially analyzed. The resul ts indicate that along 
the radius chosen for the measurements (free of experiments), the fission-
rate distribution agrees more with the homogenized 80-subassembly cores 
calculated for Runs No. 20-A and 20-B. Figure 3 shows the reactor loading 
for these runs and the location of the experimental flux wires . However, 
the data from Run 20-B, which measured fission ra tes at radial positions 
in the core adjacent to experimental subassemblies , appear to agree more 
closely to the calculated homogenized 80-subassembly core. Data are com
pared in Fig. 4. 

Some resul t s from rod-drop tests in EBR-II a re shown in Table IX. 
The objects of the tests were to separate various feedback components and 
to evaluate their anaplitudes and time dependencies. Three separate feed
back processes were considered; (a) prompt feedback, concerned mainly 
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X - RUN NO. 20A 

O - RUH HO. 20B 

Fig. 3. Location of Wire Detectors in 80-subassembly Core of EBR-II 

TO S U B A S S E M B L Y CORE 

RUN 2 0 A , B, ( N O R M A L I Z E D AT 

2 7 . 5 CM R A D I U S ) 

E X P E R I M E N T A L 

I 2 0 B { N O R M A L I Z E D AT 
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' 0 15 20 25 30 

RADIAL DISTANCE <C\0 

Fig. 4. Radial Fission Rates in EBR-II 
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Prompt 
Intermediate 
Delayed 

-0.0 
3.0 

100.0 

TABLE IX. Feedback Components in EBR-II 

Time Lag Time Constant Amplitude 
(sec) (sec) (Ak/k-MW) 

0.33 2.55 X 10-5 
7.0 0.67 X 10- = 

33.0 0.53 X 10-5 

with fuel expansion; (b) feedback of an intermediate time interval, a sso
ciated with the delayed expansion of control rod shafts; and (c) strongly 
delayed feedback, originating presumably from s t ructura l expansion. 

5. Fuel Cycle Facility 

a. EBR-II Vert ical Assembler-Dismant ler (VAD). Engineering 
studies of the viewing and manipulation problems associated with the use 
of the VAD in the Air Cell of the Fuel Cycle Facility have been completed. 
These show that it will be necessary to position the core subassemblies 
vertically in the VAD and to install extended-reach manipulators in the 
Air Cell. With these provisions, satisfactory loading, welding, cutting, and 
element removal can be performed on all subassemblies now planned or 
being used in the reactor . However, the difficulty of handling elements dur
ing installation and removal increases with the length of the element. If, 
in the future, full-length elements a re used in large numbers , it may be 
necessary to design additional, specialized fixtures for this purpose. 

Detail design work for the major <;omponents of the VAD have 
been completed. Detail drawings of all units which are likely to involve 
long fabrication t imes have also been completed and a re now being released 
for fabrication. All long-delivery purchased i tems have been ordered. De
tailing on other units is continuing and these will be re leased for fabrication 
as they are completed. 

b. Surveillance of Mark-I-A Fuel. Three additional subassemblies 
with maximum burnups of 1.20, 1.16, and 1.16 a /o (C-184, C-197, and C-198) 
were subjected to surveillance examination in the past month. A total of 
six Mark-I -A subassemblies with maximum burnup in the range from 1.16 
to 1.22 a /o have been examined to date. The following generalizations have 
been noted: 

(i) The average volume increase for 72 ANL-produced pins 
was 13.0%. These came from 15 different casting batches. The average 
volume increase for 75 Idaho-produced pins was 11.3%; the lat ter were all 
cast from ingots produced by melt refining of i r radia ted fuel and came from 
12 different casting batches. 
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(ii) Two of the subassemblies contained pins from two ingots 
produced by consolidation of scrap from casting and pin processing, and 
from rejected pins. The charge for one run (MRC 30) consisted mostly of 
rejected pins and scrap, and exhibited a volume increase of 9.1%. The 
charge for the other (MRC 29) consisted of heels from injection casting. 
The average volume increase for pins of this source was 11.9%. 

(iii) One batch of pins cast from a melt-refining ingot (MR 24) 
had a much lower than average volume increase (7.7%) than had resulted 
from the res t of the pins produced from MR ingots, normally containing 
little reject mater ia l . Examination of the charge for this run showed that 
it contained only l /3 of the charge as i rradiated fuel and the other 2/3 of 
the charge was recycle reject and makeup mater ia l . These pins were not 
included in the value calculated (11.3%) for MR runs listed (i) above. 

(iv) Visual examinations of subassemblies and of the clad pins 
showed no abnormalities resulting from reactor operations or pos t i r radia
tion handling operations. Straightness values of the entire subassemblies 
were comparable with those observed prior to irradiation. The individual 
element cladding appeared to be sound and undamaged. No measurable in
crease in the cladding diameter was observed. 

(v) Limited data showed that significant diameter increases 
have occurred on the fuel pins themselves. Measurements of the ends of 
the pins showed a 0.003-0.006-in. increase in diameter and up to a 
0.0120-in. increase for the center section of the pins. The latter would be 
a maximum value obtainable, since any larger increase would cause de
formation of the cladding and this was not observed. The increase in vol
ume of the pins as a result of these diameter changes would be about 9%, 
which is in agreement with the values obtained from sodium-height 
measurements . 

Measurements of axial growth of the pins showed that in
creases of approximately 0.1-0.2 in. have occurred. 

c. Effect of Thoria Removal on Bonding Efficiency. Previously 
reported data (see Progress Report for May 1966, ANL-7219, pp. 5-6) 
showed that fewer bond testing rejects for void formation occurred with 
ANL-produced pins than Idaho-produced pins. One hypothesis for the rea 
son is in the difference in production methods. ANL pins were wiped 
clean of the injection-casting mold wash pr ior to canning, whereas the 
Idaho pins were canned as produced. In order to investigate this further, 
approximately 2000 Idaho-produced pins were tested; 1500 were forced 
through a brass wire brush to remove the thoria mold wash prior to can
ning and the remaining 500 were canned without brushing. The reject ra te 
for voids was about 50% higher for the nonbrushed pins. Investigation of 
this procedure will continue. 
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16 

13 

15 

18 

1236 

4 
92.3 

plus 4 flux-
assemblies 

recy c le 

wire 

d. Production Summary for August 1966 

Subassemblies received: 

Subassemblies dismantled: 

Subassemblies fabricated: 

Subassemblies t ransfer red to reactor: 

Pins decanned: 

Melt refining: 8 i r radiated 

Pour yield (av): 92,7 

Injection-casting runs: 16 

Pin processing: 

Accepts: 1503 

Rejects: 149 

Pins welded: 1817 

Leak testing: 
Accepts: 1591 

Rejects: 35 

Bond testing (completed runs): 

Accepts: 910 
Rejects: 126 

Surveillance: C-186, C-184, C-197, C-198 
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C. Physics Development 

1. ZPR-3 

Experiments continued with Assembly 48, a large, plutonium-fueled 
cri t ical experiment with a soft neutron spectrum similar to the seve ra l -
thousand-li ter cores being considered for future power reac tors (see 
P rog re s s Report for June 1966, ANL-7230, pp. 5-6). Included in the 
month's program have been measurements of mater ia l reactivity coeffi
cients at the core center, Doppler coefficient measurements , and additional 
f iss ion-rat io experiments. 

a. Measurements of Reactivity Coefficients. The reactivity co
efficients of several mater ia ls were measured at the core center of Assem
bly 48 utilizing an automatic sample changer. The mechanism allowed the 
exchange of 2 x 2 x 2-in. samples within a like sample space at the front 
of the central core drawer of half No. 1 when that drawer was remotely 
removed from the reactor . Reactivity differences were obtained between 
the different samples and with a void space situated at the core center. A 
ZPR-3 control rod in conjunction with an autorod w âs used for this measure 
ment, which also re-es tabl ished the same subcri t ical power level each time 
the central drawer was re inser ted. 

Materials which were inserted in the sample space in the form of 
2-in. cubes included Fe, Cr, Ni, Mn, steel, Na, Al, AI2O3, graphite, depleted 
uranium, and Mo. Smaller plates or foils of mater ia l s were also inserted 
into the sample space by positioning them with light, steel springs within 
2-in. cubical boxes of thin-walled steel . Included in the small samples 
were various thicknesses of 2- in . - square enriched uranium and tantalum 
foils, 1/8 X 2 X 2-in. plates of depleted uranium, molybdenum, boron, plu
tonium, iron, and nickel, and small cylinders of molybdenum and tantalum. 
Pa r t of the experiments were investigations of effects of sample size, but 
the accuracy of the measurements generally did not afford much distinction. 
Every effort was nnade to obtain the best precision possible with the equip
ment utilized; however, t empera ture drift in the assenably still produced 
appreciable reactivity effects and was the predominant source of e r ro r . 
The data from the experiments a re still undergoing analysis. 

b. Doppler Measurements . Reactivity effects due to heating were 
measu red for natural uranium, plutonium-239, and an empty sample. The 
natural uranium sample was run twice to measure the repeatability of the 
experimental technique. Pre l iminary analyses indicate that: (1) the average 
uncertainty in individual measurements was ~7 to 10 x 10 in k; (2) the 
empty can has no reactivity effect; and (3) the two experiments with natural 
uranium agreed to within -3.5% (about two sigma). 
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c. Fast Reactor Experiments and Analyses. As part of a con
tinuing program to permit c loser correlat ion of experimental data obtained 
in different laborator ies , U"^/v"^, U"^/V"^, and P u ^ ' / u ^ ^ fission ratios 
were measured at the center of the U^^^.fugled Los Alamos spherical c r i t i 
cal assembly FLATTOP. Special gas-flow fission chambers v/ere designed 
for this purpose. These contained carefully calibrated fission foils which 
have been manufactured and calibrated by techniques identical to those now 
in use for construction of ZPR-3 and other Idaho Division fission chambers . 
Pre l iminary data indicate good agreement with the fission ratios measured 
by the Cri t ical Assemblies Group at Los Alamos. This program will be 
continued and extended when more different types of fission foils have been 
manufactured. 

An intercomparison of one U^̂ ^ Idaho Division foil with Los 
Alamos U^̂ ^ foils was made by M. Thorpe of Los Alamos by irradiation in 
the thermal column of the Los Alamos Water Boiler Reactor. This com
parison gave agreement with the assumed deposited masses to within 
2% accuracy. A comparison of the same Los Alamos U^^' foils was p r e 
viously made with a U^^' foil manufactured by White of AWRE, Aldermaston, 
England, with good agreement with the deposited m a s s e s . Thus the Idaho 
U foils a r e , indirectly, in good agreement with the AWRE foils of White 
which were used for the most recent accurate measurements of microscopic 
U ^ fission c ross sections. 

A careful intercomparison of fission rat ios was made in the 
core of Assembly 48 using new back-to-back, gas-flow fission chambers 
and the Kirn-type chambers which have been used in most ZPR-3 a s sem
blies. This work included direct measurement of the effects of scattering 
in the Kirn chamber walls upon fission in U"*! U^", U"*, and Pu"° foils 
using thick, steel-walled chambers and very thin aluminum-walled chambers . 
The back-to-back counter foils have been very carefully intercalibrated and 
are in good agreement with AEE, Winfrith, England, and Los Alamos foils 
where comparisons can be made. After appreciable wal l -scat ter ing cor
rections (up to 8%) have been applied, the Kirn chamber ratios a re in good 
agreement with those obtained using the back-to-back chambers , and these 
lat ter chambers will be used for all future measurements of ZPR-3 fission 
rat io. 

d. Measurements of Fast Neutron Spectrum. A comparison was 
made of the resul ts of Assembly 48 spectrum measurements made by the 
proton-recoi l and semiconductor sandwich techniques. The comparison 
was made by calculating the pulse-height distribution expected if the semi
conductor sandwich were placed in a neutron-energy spectrum identical to 
that indicated by the proton-recoi l resul t s . The two measurements agree 
within the l imits of the counting s ta t i s t ics . 

Considerable effort was spent on a machine calculation of the 
"geometrical efficiency" of the Li -semiconductor sandwich neutron spec
t romete r . By "geometrical efficiency" is meant the probability of detecting 
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in co inc idence both p r o d u c t s of a Li^(n,a)H^ r e a c t i o n which t a k e s p l a c e 
be tween the d iodes . The c e n t e r - o f - m a s s mo t ion of t he r e a c t i o n p r o d u c t s 
m a k e s th is an e n e r g y - s e n s i t i v e p a r a m e t e r . The m a c h i n e p r o g r a m is w r i t t e n 
for the c a s e of s e p a r a t e d d iodes having the Li - ' l a y e r in the m i d d l e . 

2. Z P R - 6 

M e a s u r e m e n t s of s o d i u m - v o i d coeff ic ients w e r e m a d e in A s s e m 
bly 5, a n o m i n a l 2 6 0 0 - l i t e r , c y l i n d r i c a l l y shaped u r a n i u m c a r b i d e c o r e 
conta in ing a p p r o x i m a t e l y 1600 kg of U"^. The c o r e he igh t i s 56 in . , 28 in. 
in each half, and is r e f l e c t e d on each end wi th 30 c m of d e p l e t e d u r a n i u m . 
The n o r m a l m a t e r i a l a r r a n g e m e n t wi th in the t h r e e b a s i c d r a w e r load ings 
is shown in F ig . 5. Note that the sod ium c o l u m n s a r e con t iguous to c o l u m n s 
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of Drawers Used in Assembly 5 of ZPR-6 



23 

of depleted uranium. Vertical columns of each type of drawer are arranged 
sequentially to comprise the reactor core , i.e., Nos. 1,2, 3 ,1 , etc. The core is 
reflected radially with -22 to 28 cm of depleted uranium. Each core drawer 
has two l /2- in . -wide , 28-in.-long columns of sodium contained in Type 304 
stainless steel cans. Voiding is accomplished by replacing sodium-filled 
cans with identical empty cans. 

Measurements were made by one or both of two methods: (1) ob
serving the cri t ical positions of calibrated control rods with and without 
sodium in the core, and (2) observing the asymptotic period with and with
out sodium in the core. In the second case, the rods were arranged to be 
either fully in the core or out of the core. Thus rod positions were fixed 
by mechanical stops. No significant difference in results was obtained 
using either of the methods. 

Periods were measured using d.c. ionization chambers and d.c. cur
rent amplifiers. The current-amplif ier output was fed into a voltage-to-
frequency converter to obtain pulse rates proportional to ion chamber 
currents . These pulses were directed to the input scalers of a digital com
puter which was programmed to perform a leas t -squares fit of the data to 
an exponential function and to compute the period. Residuals, leas t -squares 
sums, and standard deviations were printed to provide a precision index. 

It is necessary during these measurements to shut the reactor 
down and separate the table halves to remove the sodium from the drawers . 
The major experimental uncertainties probably result from table-closure 
uncertainties and environmental changes. The latter were reduced by 
either preceding or following a voided-configuration measurement with a 
reference run. 

The spatial dependence of the sodium-void coefficient was deter
mined for both the axial and radial directions. The central void coefficient 
was determined for both a 3 x 3-drawer and a 1 x 3-drawer high void ex
tending axially for 2 in. on each side of the core midplane. In subsequent 
measurements of the axial void coefficient, the 2-in. void region in the 
central 3 x 3-drawer a r ray was moved axially to the positions A, B . . . H, 
as shown in Fig. 6. In this way voided sections, F for example, correspond 
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to sod ium r e m o v a l f r o m the c e n t r a l 3 x 3 - d r a w e r a r r a y and ex tend f r o m 
16 to 20 in. f rom the c o r e m i d p l a n e in both the m o v a b l e and s t a t i o n a r y 
h a l v e s . R e s u l t s of t h e s e m e a s u r e m e n t s a r e shown in F ig . 7. 

M e a s u r e m e n t s of the r a d i a l dependence of the coeff ic ient w e r e m a d e 
by moving the 1 x 3 - d r a w e r high void f r o m the c e n t e r to p o s i t i o n s 4, 7, 10, 
and 14 d r a w e r s off the c e n t e r . In t h e s e m e a s u r e m e n t s , the s e c t i o n s A + 
B ± C (see F ig . 6) w e r e voided on both s i d e s of the r e a c t o r c e n t e r to p r o 
duce r eg ions a p p r o x i m a t e l y 16 in. long, 2 in. w ide , and 6 in. h igh . The 
r e s u l t s a r e p lo t ted in F ig . 8 and t abu la t ed in T a b l e X. 

1 . 5 I I I I l ^ - i 

A X I A L D ISTANCE OF CENTER DF V O I D E D REGION 
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Fig. 7. The Change in Reactivity per kg of Sodium 
Removed from the Core for VariousAxial Dis
tances from the Center of ZPR-6 Assembly 5 

Fig. 8. The Change in Reactivity per kg of Sodium 
Removed from the Core for Various Radial Dis
tances from the Center of ZPR-6 Assembly 5 

TABLE X. Sodium-void Coefficients for Assembly 5 of ZPR-6 

(Radial Traverse) 

Section Voided 
(Number of 

drawers from 
reactor center) 

0 

0 

4 

4 

7 

Sodium We 
(kg) 

1.242 

1.242 

2.585 

2.585 

2.585 

Ight Specific Worth 
(Ih/kg) 

+ 1.10 

+ 1.08 

+0.65 

+0.64 

-0.15 

Section Voided 
(Number of 

drawers from 
reactor center) 

10 

10 

10 

14 

14 

Sodium We 
(kg) 

2.585 

2.585 

2.585 

2.585 

2.585 

ght Specific Worth 
(Ih/kg) 

-0,79 

-0.83 

-0.77 

-0.75 

-0.77 
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3. ZPR-9 

Doppler coefficient measurements have been made in Assembly 11 
with 1/2- and 1-in. expandable natural uranium samples and with a 1/2-in. 
expandable enriched uranium sample. Pre l iminary resul ts indicate these 
measurements a re reasonably consistent with s imilar measurements made 
in Assembly 9 (see P rog re s s Report for December 1965, ANL-7132, 
pp. 15-17). 

4. ZPPR 

a. Construction and Procurement . The construction contractor 
for the Zero Power Plutonium Reactor facility, Arrington Construction Co., 
Idaho Fal ls , Idaho, was notified to proceed with work on August 8. Drilling 
pilot holes and large pitting holes has commenced. 

A meeting of representa t ives of Division of Reactor Development 
and Technology, AEC-Chicago, AEC-Idaho, and ANL was held to discuss 
the present status of the project: construction schedules, equipment pro
curement, project organization, reporting procedures , quality control, in
spection procedures , and ZPPR operations and planning. The conclusions 
of this meeting are as follows: 

(1) The major uncertainty in the construction is the procure
ment of long-lead-t ime i tems, pr imar i ly e lect r ical equipment. 

(2) No delay is expected due to ANL procurements since all 
long-lead-t ime i tems have been ordered. 

(3) The fuel-loading machine is not needed for initial operation 
of ZPPR. 

(4) A Commission decision concerning continued operation of 
ZPR-3 is needed in the near future to provide adequate time to compose a 
facility staff and to t ra in operators if it is decided to continue operation. 

Procurement of reactor components is continuing. J"he present 
status of the reactor components is as follows: 

(i) Bed and Tables. As of August 15, the ball screw and nut 
had been completed, assembled, and tested. Machining of the t ransmiss ion 
is 85% complete and that on the bed is 75% complete. The machining on the 
tables is 85% complete. 

(ii) Matrix Drawers . A lot of 1200 fuel d rawers has been 
welded on both ends and stretched to size. ANL representa t ives will inspect 
the finished d rawers . 
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(iii) Matrix Tubes. The vendor has been instructed to ship 
the finished tubes, stored at the vendor's plant since April, to ANL-Idaho. 

(iv) Nuclear Instrumentation. Channels 1 and 2 (log count 
rate and period) are 60% complete. Channels 3 and 4 (log N period) a re 
completed and 90% checked out. Channels 5 and 6 (linear safety) a re com
pleted and 75% checked out. Channels 7 and 8 (linear current) a re completed 
and checked out. The relay chassis a re completed and checked out. 

(v) Area Gamma Monitors. The a rea gamma monitors a re 
completed and checked out. 

(vi) Poison Safety Rod Drives. The purchase order for the 
poison safety rod drives was sent to McGee and Hogan of Salt Lake City on 
August 23. Delivery of the first rod drive is scheduled in 60 days. The 
remaining rod drives are scheduled for 120 days after acceptance of the 
first rod drive by ANL. 

(vii) Reactor Knees. The purchase order for the reactor knees 
was sent to Macauley Foundry Company of Berkeley, Calif. The 
scheduled delivery is December 1966. 

(viii) Personnel Shields. Bids were again solicited for the pe r 
sonnel shields since the previous short bidding period resulted in no bids 
being received. 

(ix) Tube Biuidling. This item has been deleted and is being 
replaced by matrix-alignment equipment. This includes a rigid plate to 
hold the individual tubes in place as they are clamped by the knees and 
matrix tie-down beams, as well as instruments and holding rods. The de
tailed design of this equipment has started. 

(x) Source Drives. The purchase order for the source drives 
was sent to Teleflex, Inc., North Wales, Pa. The delivery time is 
26 weeks. 

(xi) Rod-drive Mounting Pla tes . The purchase order for rod-
drive mounting plates was sent to Greenlee Foundries , Inc., Chicago, 111. 

(xii) Matrix Tie-down. The purchase order for the matr ix t ie-
down was sent to the Rupert Iron Works, Rupert, Idaho. Delivery is 
scheduled for January 1967. 

(xiii) Beta-Gamma Air Par t iculate Monitors. The purchase 
order for three beta-gamma air part iculate monitors was sent to Nuclear 
Measurements Corp., Indianapolis, Lid. 
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(xiv) Loading P l a t f o r m . The p u r c h a s e o r d e r for the r a m p 
a s s e m b l y , wh ich ho lds the p l a t f o r m in p l a c e when i n s e r t e d be tween the 
h a l v e s , w a s s en t to the R u p e r t I r on W o r k s , R u p e r t , Idaho. 

All o t h e r b ids on r e a c t o r c o m p o n e n t s a r e e i t h e r in a s t a t e of 
r e v i e w o r be ing p r e p a r e d for r e s u b m i s s i o n of b i d s . 

b . F u e l D e v e l o p m e n t 

(i) F a b r i c a t i o n of R e a c t i v i t y - c o e f f i c i e n t F u e l E l e m e n t s . 
S e v e r a l h u n d r e d p l a t e - t y p e p lu ton ium fuel e l e m e n t s (see F ig . 9) a r e r e 
q u i r e d to d e t e r m i n e the effects of i n c r e a s i n g p e r c e n t a g e s of P u ", Pu^*^ 
and Pu^*^ on r e a c t o r k i n e t i c s . The e l e m e n t s c o n s i s t of P u - 1 . 1 w / o Al a l loy 
p l a t e c o r e s s e a l e d in t i gh t - f i t t i ng s t a i n l e s s s t e e l j a c k e t s . It i s p l anned to 
m a n u f a c t u r e such e l e m e n t s in i so top ic r a n g e s f rom 95 w / o P u to 96 w / o 
(Pu^*° + P u ^ ^ ' t Pu^*^) as such m a t e r i a l s b e c o m e a v a i l a b l e . Th i s p r o g r a m 
wi l l a l s o p r o v i d e va luab l e i n f o r m a t i o n on the g a m m a - and n e u t r o n - r a d i a t i o n 
l e v e l s e x p e r i e n c e d du r ing the f a b r i c a t i o n of p lu ton ium f rom highly i r r a d i a t e d 
fuel, an i m p o r t a n t sub jec t to the l o n g - r a n g e p o w e r r e a c t o r p r o g r a m . 

Fig. 9. Danger-coefficient Elements and Components, Including End Plug, 
22'!'oPu240 Plate, Spring, Loading Funnel, and Jacket 
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The flow diagram of the process developed for fabricating 
these elements is shown in Fig. 10. The purified, highly i rradiated plu
tonium is received in the form of reduction buttons that weigh about 2 kg 
each. The alloy is made in a vacuum induction furnace. Elec t r ica l -grade 
aluminum wire is placed on the bottom of an yttr ia-coated magnesia c ru
cible and broken plutonium button is placed on top of the wire. The alloy 
is melted and heated to 950°C. It is bottom poured into an yt tr ia-coated 
carbon billet mold. After the casting cools, the furnace is opened, the 
billet is removed and carefully cleaned. The top is sawed off to produce a 
rolling billet that measures approximately 16 x 50 x 125 mm. 
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The billet is heated to 350°C and hot rolled from 16- to 
2.30-mm thickness. Reductions a re 15% per rolling pass between 125-mm 
dia X 200-mm, two-high rolls that a re electrically heated to 235°C. The 
2.30-mm-thick str ip is cold finish rolled to 2.25-mm thickness. It is then 
annealed by heating to 485°C and flattened while hot by pressing between 
steel flats. 

Three sizes of core plates are required, 2.25 mm thick 
by 45.0 mm wide with lengths of 23.0, 49.3, or 74.7 mm. These are blanked 
and coined from the str ip by combination dies in a 200-tonne p re s s . Coining 
p re s su res of 4 tonnes/cm^ are used. The core plates a re cleaned and ad
justed to within ±0.5 g of nominal weight by punching holes in the plates. 
Drilling for weight adjustment was not successful because the mater ia l 
work hardened rapidly. 

The core plates a re inspected and are inserted into jackets 
made of 0.3-mm-thick Type 304 stainless steel. A spring is installed in 
each jacket to hold the core plate against one end of the jacket. An 
aluminum-foil funnel is used during loading of the core to protect the jacket 
lip from being contaminated by plutonium. The assembly is done in a 
contamination-clean glovebox by contamination-preventive methods. After 
loading, the funnel is removed and the end plug is inserted; welding is done 
by means of the tungsten-electrode d.c . -arc process in copper chills that 
completely enclosed the elements except at the edges being joined. The 
closure welds are made in a welding chamber at one-third to one-half 
standard atmosphere p re s su re of 85 v/o helium, 15 v/o argon gas. The 
completed reactivity-coefficient elements are monitored for alpha con
tamination, leak detected, gauged, weighed, inspected, and packed for ship
ment to the reactor experimental groups. * 

The first shipment of plutonium for this program had the 
following average isotopic composition: 72.73 w/o Pu , 22.09 w/o Pu ", 
4.51 w/o P u " \ and 0.69 w/o Pu^*^. There were 12 buttons weighing 23.43 kg. 

Twelve Pu-1.1 w/o Al alloy billets were cast, the as-cas t 
weight of each billet being approximately 1800 g. The sprue ends were 
removed and two samples were taken, one from the top and one from the 
bottom of each billet. Analytical resul ts are shown in Table XI. It is 
anticipated that two additional melts will be made to consolidate and r e 
cover scrap from the blanking operation. This mater ia l will be fabricated 
into special flux-perturbation specimens. 

After remelting of the melt No. R295, it was found that 
the aluminum analysis, reported to be 1.31 w/o Al, was in e r ro r . The billet 
was remel teda third time to bring the aluminum content back to analyses. 
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TABLE XL Calculated and Analyzed Aluminum Content of Billets 

Aluminum Analysis 
(w/o) 

Melt Number Calculated Composition Top Bottom 

R293 P u - l . l O w / o A l 1.16 1.14 
R295 P u - l . l O w / o A l 1.31 1.32 
R297 P u - l . l O w / o A l 1.19 1.21 
R299 P u - 1 . 1 5 w / o A l 1.08 1.11 
R300 P u - l . l O w / o A l 1.13 1.08 
R302 Pu-1.10 w/o Al 1.15 1.08 
R325 P u - 1 . 0 9 w / o A l 0.95 0.97 

(R295 adjusted) 
R326 P u - l . l O w / o A l 1.08 1.19 
R327 P u - l . l l w / o A l 1.10 1.13 
R328 P u - l . l O w / o A l 1.13 1.12 
R329 P u - l . l l w / o A l 1.08 1.12 
R331 P u - l . l l w / o A l 1.10 1.08 
R332 P u - l . l l w / o A l 1.12 1.15 
R343 P u - l . l l w / o A l 1.10 1.09 

(R325 adjusted) 

Four billets have been carr ied through the complete fabri
cation process , the experience gained from this can be summed up as fol
lows: the Pu-1.1 w/o Al alloy rolls very easily at 350°C, but the alloy 
work hardens very rapidly when rolled at room tempera ture . A cold 
finishing reduction of 0.05 mm was about the maximum pract ical reduction. 
Cold straightening by ironing or stretching was not successful, but the 
stock was easily straightened by heating to approximately 485°C and 
ironing between steel flats. Oxidation was not a problem in the helium 
atmosphere that contained approximately 1000 ppm Oj and 50 ppm H2O by 
weight. 

Core plates were produced from the rolled str ip by means 
of a combination blanking and coining die. A load of 75 tonnes was stxffi-
cient for blanking and coining the 45 x 75-mm core plates . Higher loads 
tended to make the alloy stick in the die. There was no appreciable 
straightening in the coining operation, since the coining operation produced 
very little metal flow. 

The procurement of high-quality stainless steel jackets 
was a continuing problem. The first lot of jackets was rejected because 
of improper finishing of the weld seams . A part ial shipment of the second 
lot of jackets was found to be satisfactory. Jacketing and welding operations 
have been started and appear not to present difficulty other than the usual 
problem of control of alpha contamination. 
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Integrated radiation-dose records a re being maintained on 
all personnel during this fabrication, and the exposure from each operation 
is also recorded. These records will be compared with the radiation doses 
predicted by a computer program. The objective of this study is to develop 
equations and experience for radiation exposure during the fabrication of 
plutonium from highly i r radia ted fuels. Experience to date has shown that 
it is possible to handle 2-kg batches of 22 w/o Pu^ ° mater ia l without ex
ceeding 100 m r per week for the periods of time shown in Table XII. 

TABLE XII. Time Limits for Handling 22 w/o Pu^*° and 4.6 w/o Pu^^' 

Hours per Week Handling Condition 

1.0 Glove contact with 0.75-mm neoprene gloves 

2.5 Glove contact with 0.75-mm light-leaded gloves 
(0.10-mm lead equivalent) 

10.0 Body exposure at 400 mm through 3/8-in. 
unshielded window 

(ii) Development of Zero-power Plutonium Reactor Fuels. 
The development of design and specifications for ZPPR fuel elements was 
completed, and the following specifications were issued: 

ANL Specification 
Number Title of Specification 

PF-1600 Specification for Uraniunp, Plutonium, Molybdenum 

Alloy ZPPR Fuel Elements 

PF-1607 Specification for Plutonium for ZPPR Fuel Elements 

PF-1612 Specification for Uranium for ZPPR Fuel Element 
Fabrication 

The suitability of the above specifications to the practical 
fabrication of the fuel elements was tested by developing methods for fab
ricating the elements and by testing these methods through pilot-lot manu
facture of fuel elements . A procedure was written that was followed 
closely for the manufacture of 73 fuel elements in sizes ranging from 1- to 
8-in. nominal length. As this procedure is slightly different from the p ro 
cess described previously (see P rogres s Report for January 1966, ANL-
7152, pp. 24-32), it is summarized below. 

The flow diagram is shown in Fig. 11. The major steps of 
core-pla te manufacture a re (1) preparat ion of uranium-molybdenum binary 
alloy, (2) melting of the binary alloy w îth plutonium and casting into 
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p r e c i s i o n - s e c t i o n e d b a r s , (3) p a r t i n g c o r e s lugs f r o m the b a r s , (4) m i l l m g 
the c o r e s to p r e c i s e l eng ths , (5) weight a d j u s t m e n t of the c o r e s by m i l l i n g 
to a v a r i a b l e width, and (6) c lean ing the c o r e s to p r e v e n t c o n t a m i n a t i o n in 
the j acke t ing ope ra t i on . A c c u r a t e m a t e r i a l s a c c o u n t a b i l i t y was p r a c t i c e d 
for a l l o p e r a t i o n s on the c o r e s . P r e c i s e c h a r g e c a l c u l a t i o n s and a c c u r a t e 
weighing of a l l m a t e r i a l s w e r e r e q u i r e d . 
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Fig. 11 . Flow Diagram for Manufacture of ZPPR Fuel Elements 
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The s t eps of f a b r i c a t i o n of the j a c k e t s l e e v e a r e (1) ro l l 
fo rming and welding s t a i n l e s s s t e e l s t r i p into welded tube , (2) die f la t ten ing 
the tube , (3) die forming the longi tudina l edges of the t u b e s , (4) s t r e t c h 
fo rming the tube in a p r e c i s i o n box die by m e a n s of an expanding m a n d r e l , 
and (6) cutt ing the j acke t s l e e v e s to l eng ths f r o m the f o r m e d t u b e s . End 
plugs w e r e cut f rom f o r m e d Type 304L s t a i n l e s s s t e e l w i r e and w e r e 
f inished to p r e c i s i o n t o l e r a n c e by g r ind ing and m i l l i n g . All j a c k e t c o m 
ponents w e r e thoroughly c l eaned . 
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Contamination-preventive methods were practiced in 
assembling and welding the fuel elements. After thoroughly brushing and 
wiping the core plates to remove loose metal or oxide dust, they w^ere 
t ransfe r red to a contamination-free assembly glovebox. Clean jackets 
were moved into the area , and the bottom plug was installed and welded 
into place. The jacket sleeves were installed in the welding chills and 
aluminum-foil funnels were inserted into the jacket opening. This p r e 
vented contact between the jacket lip and core plate during loading and r e 
duced contamination of the weld area . The core plates were handled by 
special tongs and fixtures in such a way that the jackets and contamination-
free a reas were not contaminated with plutonium. 

Welding was done in a chamber that can be evacuated and 
back-filled with argon-helium gas mixture to one-third to one-half a tmo
spheres p r e s s u r e . Copper chills contacted all sides of the element during 
welding to prevent the expansion of the gas within the element and possible 
weld contamination or blowout. A spring plunger in the chill assembly 
column loaded the bottom end plug, core plate, top end plug, and top chill 
•with about 88 kg of force w^hile the top end plug was welded in place. All 
movement of the welding machine was mechanically controlled and p ro 
grammed. The weld was made by fusing the edge of the jacket plug and the 
end sleeves by means of a d .c . -arc drawn from the tungsten electrode. The 
chills and welding pa ramete r s were adjusted so that radiused beads were 
made without buildup. 

Inspection operations were ca r r ied out at each step of the 
process for quality-control purposes . Micrometers , surface gauges, and 
comparators were used for pilot-lot inspection in order to obtain data, 
but go, no-go gauges will be allowed in production. The plates were weighed 
on precision balances. The jackets were leak-detected by bubble testing 
and by mass spec t rometer . 

A number of provisions of the specification was found to be 
impract ical to meet as they were originally written. The specification was 
rew^ritten with l iberalization of the composition and homogeneity provisions 
and some of the dimensional tolerances were increased in order to make 
the specification more real is t ic for commercia l production. 

(iii) Proper t ies of Zero-power U-Pu-base Alloys. Two SEFOR 
fuel p la tes , manufactured by NUMEC and reported upon in the July 1965, 
April 1966, and June 1966 Monthly P rog re s s Reports (pp. 23-24 of ANL-
7082, p. 23 of ANL-7204, and pp. 22-23 of ANL-7230, respectively), have 
been corrosion tested in a i r for 16 months. The control fuel plate, T13-10, 
without a jacket defect, has retained its original dimensions. Fuel plate 
T13-I2 , which has a small and a large notch filed in the jacket to simulate 
jacket defects, remained stable for eight months, began swelling during 
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the ninth month, and has now swelled to 0.876 cm in thickness from its 
original 0.584 cm. It has also swollen laterally and longitudinally. Maxi
mum contamination measured at the larger notch was lOM, but during 
handling of the fuel plate a significant amount of powder fell from this notch 
and gave readings greater than 200M. The corrosion test in air has been 
discontinued, and the fuel plate will be dejacketed for examination. 

D. Other Fast Reactor Physics 

1. Nuclear Constants 

Neutron radiative capture cross sections are being measured as a 
function of neutron energy between a few keV and about 3 MeV by the ac t i 
vation technique, in which the sample is exposed to a monoenergetic neu
tron beam, and analyzed for its radioactive capture product by beta or 
gamma counting. 

The capture cross section of Np^^^ has recently been measured for 
8 neutron energies between 150 keV and 1.5 MeV. No data have been 
available for this reaction until the present work, although the reaction is 
important to fast reactor technology because it is a source of Pu^^'. The 

amount of Pû -̂ ^ may have an im
portant influence on fuel-reprocessing 
methods. 

The data are shown in Fig. 12. 
The absolute values of the cross sec
tions are subject to a possible cor
rection which may result in values 
about 10% greater than the present 
values. Several more points will be 
taken to extend the measurements 
to about 3 MeV. For the future, 
efforts are being made to get a 
~100-g metallic neptunium sample 
which will allow measurements to 
be made down to about 5 keV. 
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Fig. 12. Capture Cross Section of Neptunium-237 

E. Component D e v e l o p m e n t 

1. Sodium Technology 

^- P h y s i c o c h e m i c a l M e c h a n i c s of M e t a l s . As a p a r t of a p r o g r a m 
to d e t e r m i n e the effects of 1200°F sod ium on Type 304 s t a i n l e s s s t e e l , a 
s i m p l e t e s t was run in which s a m p l e s werfe e x p o s e d to th i s e n v i r o n m e n t 
and then c o m p a r e d to iden t i ca l s a m p l e s exposed only to 1200°F a i r ( see 
P r o g r e s s R e p o r t for J a n u a r y 1966, A N L - 7 1 5 2 , pp . 4 8 - 4 9 ) . The s a m p l e s 
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used were of the same heat and were in the form of tubing of 0.494-in. OD 
and 0.018-in. wall thickness. The electr ical resist ivi ty of the samples was 
first determined in the "as received" condition. The samples were then 
exposed to each environment and specimens removed for examination at 
intervals of 3, 5, and 7 days. The examination of these samples consisted 
of a redetermination of their electr ical resistivity followed by a 15-min 
Strauss test , followed in turn by a third determination of their electr ical 
resist ivity. Table XIII shows the resultant electr ical resistivity data after 
these various exposures. The "as received" resist ivi ty of the tubing was 
73 X 10 fl-cm for all samples used. 

TABLE XIII. Corros ion of Type 304 Stainless Steel 

Exposure 
Time 

3 days 

3 days plus 
S t rauss tes t 

5 days 

5 days plus 
S t rauss test 

7 days 

7 days plus 
S t rauss test 

Air-

Resis t ivi ty 
{ o h m - c m x 10" 

69 

73 

67 

75 

73 

79 

•exp 

) 

ose 

% 
:d 

change from 
as received" 

-5.5 

0 

-8.2 

+ 2 . 7 

0 

+ 8.2 

Sodium-

Resist ivi ty 
(ohm-cm x ID 

70 

100 

69 

127 

73 

2 6 7 

-') 

-expo 

% 
s e d 

change from 
as received" 

-4.1 

+ 37.0 

-5.5 

+74.0 

0 

+266.0 

The data indicate that after 7 days in I200°F air , followed by 
the Strauss test , the res is tance of the specimen increased only 8.2%. By 
contrast , the sodium-exposed (7 days at 1200°F) sample had a 266% in
crease in res is tance . These measurements are an indication of an as yet 
unexplained effect of sodium contact on 304 stainless steel at 1200°F. The 
effect is to leave the specimen very susceptible to attack by the Strauss test. 

b. Component and Materials Evaluation Loop (CAMEL). Bus bars 
were connected from the large EM pump to rectifier units 3 and 4. The 
blanket-gas analysis system is being installed, and preparations are being 
made to begin pumping down the entire system. 

The portion of the data-acquisition switching system that is 
used in conjunction with CAMEL has been completed. Checkout of all out
put signals from the loop is now underway; the Dymec system is used to 
measure and record all data. 

c. Modified Falex Materials Wear Tester . Three modified Falex 
wear t es te r s have been assembled. 

Wear tests continue in inert gas at 1200°F. 
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The coeff ic ient of f r i c t ion at e l e v a t e d t e m p e r a t u r e s was d e t e r 
m i n e d , for an i n e r t a t m o s p h e r e and a b e a r i n g load of 250 p s i , for the b e a r i n g 
combina t ion of c h i l l - c a s t Haynes S t e l l i t e Alloy #19 a s w e a r b l o c k s , and 
C a r b o l o y 78B (83% WC, 8% T i C , 9% Co) a s the shaf t . R e s u l t s a r e a s fo l lows: 

Coeff ic ient of Rol l ing F r i c t i o n T e m p (°C) 

0.950 
0.860 
0.552 
0.312 
0.194 

The coeff icient of ro l l ing f r i c t i on d e c r e a s e s a s the t e m p e r a t u r e 
i n c r e a s e d . Two f a c t o r s c o n t r i b u t e d to th i s t r e n d . F i r s t , the h a r d n e s s of 
the s t e l l i t e a l loy d e c r e a s e s f r o m a B r i n e l l 512 a t r o o m t e m p e r a t u r e to a 
B r i n e l l 372 at 1200°F. Second , the f o r m a t i o n of m i n u t e ox ides due to c o m 
m e r c i a l a rgon is a c c e l e r a t e d as the t e m p e r a t u r e is i n c r e a s e d . It i s be l i eved 
tha t any oxides on the s u r f a c e of the b e a r i n g m a t e r i a l s h a v e t he t e n d e n c y 
to ac t as l u b r i c a n t s . 

d. Behav io r of C a r b o n in Liquid Sod ium 

(i) Solubi l i ty of C a r b o n . P r e v i o u s a t t e m p t s ^ to d e t e r m i n e the 
so lubi l i ty of g r a p h i t e in l iquid sod ium gave va lue s which s c a t t e r e d e r r a t i 
ca l ly . The r e s u l t s i nd ica ted that (a) c a r b o n a c e o u s p a r t i c u l a t e s c a p a b l e of 
p a s s i n g th rough a 5 / i - p o r o s i t y s t a i n l e s s s t e e l f i l t e r p r e - e x i s t e d in the 
s o d i u m , (b) add i t iona l nonf i l t e r ab le c a r b o n could be d i s p e r s e d in l iqu id 
s o d i u m , and (c) t h e r e was no ev idence to s u p p o r t the e x i s t e n c e of an e q u i l i 
b r i u m so lubi l i ty of g r a p h i t e , as r e p o r t e d by C r a t t o n . The p r e s e n c e of 
p a r t i c u l a t e ( s u b m i c r o n - s i z e d ) c a r b o n in s o d i u m h a s s i n c e b e e n c o n f i r m e d 
by u l t r a c e n t r i f u g a t i o n , ' ^ z o n e - m e l t i n g , ' f i l t r a t i o n , ' ^ and d i s s o l u t i o n ' e x 
p e r i m e n t s . New so lubi l i ty e x p e r i m e n t s us ing s i n t e r e d a g g l o m e r a t e s (>>5 jLi) 
of C - l a b e l e d a m o r p h o u s c a r b o n as the s o u r c e of c a r b o n a r e now be ing 
conducted . P r e l i m i n a r y r e s u l t s i nd i ca t e a so lub i l i ty of l e s s than 0.3 p p m 
c a r b o n in sod ium for the r a n g e 193 to 425°C. 

(ii) Adso rp t ion of C a r b o n . It was p r e v i o u s l y r e p o r t e d ' t ha t 
a f te r r e a c t o r - g r a d e s o d i u m was zone m e l t e d in fused s i l i c a tub ing for 
240 c y c l e s , i ts c a r b o n content (30 to 40 p p m ) w a s c o n c e n t r a t e d a t the fused 
s i l i c a / s o l i d sod ium i n t e r f a c e . T h i s a p p a r e n t s u r f a c e o r a d s o r p t i o n effect 
is be ing i nves t i ga t ed f u r t h e r . 

''Chemical Engineering Division Semiannual Report, ANL-6525, May 1965, p. 92. 
'Gratton, J. G., Solubility of Carbon in Sodium at Elevated Temperatures, KAPL-1807 (June 30, 1957). 
'Reactor Development Program Progress Reports: (a) February 1966, ANL-7n6, p. 43: (b) April 1966, 
ANL-7204, p. 31: (c) February 1965, ANL-70n, p. 70: (d) January 1965, ANL-7003, p. 23. 



37 

The zone-melting experiment was repeated, but for only 
25 cycles, and a carbon distribution essentially identical to that of the 
240-cycle experiment was found. Since these experiments , it has been 
learned that the zone-melting technique is not essential for producing the 
adsorption effect. Reactor-grade sodium was alternately melted and 
frozen between 200 and 40°C for 300 cycles in a horizontal fused silica 
tube about 20 in. long. Analyses showed that the total carbon concentration 
along the sodium core varied from 3 to 13 ppm, whereas about 7 to 30 times 
this concentration was associated with the sodium at the tubing wall. Sub
sequent experiments (see P rogres s Report for July 1966, ANL-7245, p. 21), 
in which liquid sodium was drawn up or poured into fused silica tubes and 
allowed to freeze, have indicated that the carbon is rapidly concentrated 
at a fused s i l ica /sol id sodium interface. A s imilar result was found with 
stainless steel tubing, indicating that the adsorption is not res t r ic ted to 
fused silica surfaces. 

Various mechanisms can be postulated to explain these 
observations; experiments to sort out these mechanisms are under way. 

F. Design Concept Analyses and Advanced Systems Evaluation 

1. 1000-MWe Study 

Proposals to perform design studies for a 1000-MWe Liquid Metal 
Fast Breeder Reactor (LMFBR) were received from the following: 

Atomics International; 

Babcock and Wilcox Company; • 

Combustion Engineering, Inc.; 

General Elect r ic Company; 

Westinghouse Elect r ic Corporation. 

The proposals were evaluated by ANL and t ransmit ted to the AEC along 
with recommendations regarding technical administration and fiscal con
t ro l of the program. 

Upon review of the above information, the AEC stipulated the fvinding 
available for the follow-on program, and requested ANL to develop with 
each company a revised program commensurate with the funding. 

ANL is now engaged in meetings -with individual contractors to 
review their proposals . These meetings will identify in detail the program 
to be followed by each contractor . The defined p rogram will provide maxi 
mum re turn in a reas of the cont rac tor ' s greatest capabili t ies. 
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II. GENERAL REACTOR TECHNOLOGY 

A. Applied and Reactor Physics Development 

1. Adjustable Paralysis Discriminator for Fast-Slow Coincidence 
Experiments 

Nuclear experiments frequently require instrumentation capable of 
determining precisely both the amplitude and time of occurrence of detector 
pulses. On one hand, the extensive decay times associated with inorganic 
scintillators (and some other detection devices) warrant imposition of a 
fixed overriding paralysis, partly to allow sufficient integration time to 
process a "slow" signal in order to make an amplitude decision (such as in 
a single-channel analyzer), partly to prevent retriggering of a discriminator 
during the pulse duration, and partly to permit accurate calculation of the 
deadtime correction factor. On the other hand, timing information must 
be preserved for fast coincidence analysis. Superimposed on these require
ments is the fact that the analysis of accidental and instrumental coinci
dences is greatly simplified if the paralysis accompanying the slow energy-
selected pulse is also applied to the fast timing pulse. 

These considerations have led to the development of the Adjustable 
Paralysis Discriminator (APD). Figure 13 displays the internal logic of 
the APD, which is a negative pulse discriminator with an adjustable and 
well-defined nonextendable paralysis. Ambiguity in output pulse width and 

9-TOTAL PARAirSIS TIME 
•-RATIO OF OUTPUT PULSE WIDTH 

TO TOTAL PARALYSIS TIME 

SCALER 
OUTPUT 

Fig. 13. Internal Logic Diagram for APD 
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para lys is is minimized by use of 100-MHz logic for the internal circuitry. 
Input impedance is 50 ohms. The discr iminator threshold is continuously 
adjustable from 1 to 11 mA, with integral nonlinearity of ±0.5% for pulses 
with r i se t ime greater than 10 nsec. The input is sensitive to negative 
pulses as narrow as 5 nsec. 

The paralys is time (S) of the APD is continuously adjustable over 
the range from 0.1 to 10 /isec by means of an internal potentiometer. The 
range can be shifted even up to the millisecond region by insertion of an 
appropriate timing capacitor. The ratio (w) of the output pulse width to 
the paralysis time is also continuously adjustable from 0.3 to 0.7 by means 
of another internal potentiometer. Adjustment of 6 and w9 is facilitated 
by observation of the waveform at the monitor output (see Fig. 13). Varia
tion in the paralysis t ime and pulse width at a fixed temperature is less 
than ±1%, even for pulse pair separations approaching 6, and variation 
over the tempera ture range from 0 to 50°C is less than 10%. 

Each discr iminator provides two pairs of "logic" outputs and a 
"sca ler" output. The dual-output pulse amplitude is -700 mV when both 
outputs of the pair a re terminated in 50 ohms, and -1.4 V when only one 
output is terminated. Since the outputs a re current sources , delay line 
clipping may be used with each pair independently clipped. 

The total circuit delay for input pulses well above threshold is 
10 nsec, and the logic pulse r i se t ime is less than 2 nsec. The scaler out
put pulse amplitude is - 18 V into a high impedance or -4 V into 50 ohms, 
with r i se t imes less than 20 and 10 nsec, respectively; a silicon diode may 
be used ac ross the scaler output to limit peak amplitude to - 1 V, resulting 
in a r i se t ime as fast as 3 nsec. * 

The gate input may be set for "blocking" or "coincidence" (by means 
of a toggle switch); if "blocking," a scaler pulse is issued concurrently 
with the logic output unless -700 mV is provided at the gate input; if "coin
cidence," the sca ler pulse appears only as long as -700 mV is provided at 
the gate input. Both the fast logic output and the scaler output originate 
at the same time, but only the scaler output is affected by the gate requi re
ment. If the l imiter is utilized at the scaler output, then this output may 
be used as gated "logic" pulse. 

2. The ARC System 

a. Programming the MC^ Code. Programming of the MC code 
has been completed and debugging is now underway. The code now includes 
hydrogen scat ter ing and provides the option of consistent Bl and P I flux 
calculations. 
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A change has been made in the integration procedure for the 
resolved resonance region. The code still uses the Romberg integration 
algorithm, but separate convergence of the integrals is now required for 
the reaction rate and the flux. The previous version of the code converged 
on the effective cross section directly. The change was prompted by the 
observation that in certain cases, large e r r o r s in the resulting resolved 
resonant cross sections could occur due to spurious low-order convergence 
of the Romberg integration sequence. 

The Phase I ARC system will include the present calculational 
detail of the MC^ code but with the various subroutines organized into com
putational modules. This division of the code into a number of modules 
each of restr icted scope permits the ARC user to study a par t icular type of 
cross section without the need for running a complete MC problem. 

b. Burnup Package Development. A phase-zero burnup package 
has been designed for the purpose of testing calculation s trategies to be 
used in the first ARC version. The model has been greatly simplified to 
reduce the initial programming effort; however, the concepts and methods 
are very similar to those described earl ier . The following is a list of capa
bilities and limitations of the model: 

(i) zero-dimensional neutronics; 

(ii) one charged fuel isotopic composition (i.e., one 

material); 

(iii) reactor operation with or without reactivity control; 

(iv) fractional batch fuel management; 

(v) equilibrium or nonequilibrium modes; 

(vi) equilibrium operation is "single step," i.e., the same 
fuel management is carr ied out after each burn step; 

(vii) specified reactor power is maintained over the burn 
step; 

(viii) burn time is adjusted to achieve a specified burnup 
fraction of fissionable isotopes in discharged material ; 

(ix) burnup tests may be made either on total burnup or on 
incremental burnup over one step; 

(x) charge enrichment is adjusted so that the uncontrolled 
static effective k reaches a specified value at a given 
fraction of the burn time; 

(xi) charged fuel volume is preserved with changes in 
enrichment and isotopic distribution; 
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(xii) each burn step may be divided into a number of subin-
terva ls , at the s tar t of which fluxes will be recalculated; 
a control search may also be ca r r ied out to maintain 
cri t ical i ty at each of these points in time; 

(xiii) full t reatment of isotopic chains and fission products; 

(xiv) no rea l - t ime computations, i.e., no decay-matr ix calcu
lation; real time delays in the external cycle are ex
pressed as an integral number of burn steps; 

(xv) one reprocess ing plant with isotope-dependent recovery 
and separation fractions for each of two plant effluents, 
identified as Class 1 and Class 2, respectively; 

(xvi) one external feed with isotope-dependent separation 
fractions as above; 

(xvii) fuel fabrications by means of a degenerate form of 
supply and demand prior i ty tables. 

Several main blocks of the computations necessary for the 
above model have been coded, and logic debugging is proceeding. Current 
effort is concentrated on writing and testing various combinations of the 
multivariable searches necessary in the at-power phase of the cycle. De
sign of the Phase-I burnup package for inclusion in ARC will be determined 
by the resul t s of tes ts on the current model. 

B. Reactor Fuels and Materials Development 

1. Fuels and Cladding , 

a. Thermodynamic Study of Nonstoichiometry in Urania. Additional 
measurements of the total p re s su re of uranium-bear ing species and (simul
taneously) of the part ial p re s su re of oxygen over urania have been made by 
the t ranspira t ion method. '" The measurements are conducted with H2-H2O 
gas mixtures which serve, by equilibration, to fix the oxygen partial p r e s 
sures and thereby control the compositions of the solid phases. The accu
mulated data at t empera tures ranging from 2080 to 2705°K are presented 
in Figs. 14 and 15. 

The isotherms given in Fig, 14 are , in effect, total p ressu re 
curves of the uranium-bear ing species UO, UOj, and UO3, since the con
tributions from the species 0(g) and 02(g) a re negligible. The tr iangles 
represen t the calculated'"" total p r e s su re s of uranium-bearing species at 
the hypostoichiometric urania phase boundary. Previous mass - spec t romet r i c 

'°For previous work, see Reactor Development P r o g r a m P r o g r e s s Report: 
(a) November 1965, ANL-7122, pp. 47-50; (b) March 1966, ANL-7193, 
pp. 58-62. 
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inves t igat ion" of the urania-uranium s y s t e m has shown that UO is the p r e 
dominant gaseous spec i e s in the far hyposto ich iometr ic region, and that its 
partial p r e s s u r e d e c r e a s e s rapidly as the oxygen content of the sol id in
c r e a s e s . Conversely , UO3 i n c r e a s e s in partial p r e s s u r e as the oxygen con
tent of the sol id i n c r e a s e s ; UO3 b e c o m e s the predominant gaseous s p e c i e s 
in the far hypersto ichiometr ic region. UOj is the predominant gaseous 
spec i e s over s to ichiometr ic urania. Minima in the total p r e s s u r e s occur in 
the vicinity of s to ichiometr ic urania. These min ima are a s s o c i a t e d with 
composit ions corresponding to equil ibrium congruent vaporizat ion. How
ever, the data are not accurate enough to determine these compos i t ions as 
prec i s e ly as can be done by the experiments descr ibed below (see 
Sect. I I .B . lc ) . 

_2705°K 

' ~ ^ - - . ^ 6 0 0 ° K 

^^2495°K 

HYPOSTOICHIOMETRtC \ ^ 2 2 9 0 _ ^ K ^ -
BOUNDARY N T - , « 

^s2O80''K 

I I ! 

Fig. 14 

Total Pressure of Uranium-bearing 
Species as a Function of Urania 
Composition (x,o-this work; A-
calculated, see Ref. 10b) 

O/U ATOM RATIO 

Fig. 15 
Partial Pressure of Monatomic Oxygen 
as a Function of Urania Composition 
(Open symboIs--this work; filled 
symbols'-calculated, see Ref. 10b) 

HYPOSTOICHIOMETRIC ^ ^ S S C K 
BOUNDARY \ ~ ~ -

O/U ATOM RATIO 

Ackermann, R, J., Rauh, E G., and Chandrasekharaiah, M. S., A T h e r m o 
dynamic Study of the Urania-Uranium Sys tem, A N L - 7 0 4 8 (July 7 9 6 5 ^ 
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The o b s e r v e d p a r t i a l p r e s s u r e s of oxygen shown in F ig . 15 
(open s y m b o l s ) w e r e c o m p u t e d ' " " f r o m the m o i s t u r e con ten t of the exit 
c a r r i e r gas s t r e a m s . ' ^ The f i l led s y m b o l s give the oxygen p a r t i a l p r e s 
s u r e s a t the h y p o s t o i c h i o m e t r i c u r a n i a p h a s e b o u n d a r y and w e r e c a l c u 
l a t e d . ' " Of c o n s i d e r a b l e i n t e r e s t i s the fact t ha t the i s o t h e r m s r i s e l e s s 
and l e s s s t e e p l y a t the s t o i c h i o m e t r i c c o m p o s i t i o n as the t e m p e r a t u r e in 
c r e a s e s . T h i s b e h a v i o r h a s i m p o r t a n t c o n s e q u e n c e s for defec t m o d e l s ' ^ 
and i m p l i e s tha t , a t e q u i l i b r i u m , s t o i c h i o m e t r i c u r a n i a is i n t r i n s i c a l l y d i s 
o r d e r e d wi th equa l n u m b e r s of v a c a n c i e s and i n t e r s t i t i a l s . 

T h e da ta of F ig . 15 m a y be u s e d to ob ta in a p r e l i m i n a r y va lue 
of —58 eu for the r e l a t i v e p a r t i a l m o l a r e n t r o p y of so lu t ion of d i a t o m i c 
oxygen in s t o i c h i o m e t r i c u r a n i a in the e x p e r i m e n t a l t e m p e r a t u r e r a n g e . 
V a r i o u s v a l u e s ob t a ined by o t h e r w o r k e r s for h y p o s t o i c h i o m e t r i c u r a n i a 
in the r a n g e f r o m 900 to 1400°C h a v e b e e n s u m m a r i z e d by H a g e m a r k ; ' ^ 
t h e y seenn to e x t r a p o l a t e to the r a n g e -7 to 20 eu for s t o i c h i o m e t r i c u r a 
n ia . It i s l i ke ly tha t the e x p e r i m e n t a l v a l u e s a r e not e q u i l i b r i u m v a l u e s 
b e c a u s e the defec t e q u i l i b r i a a r e v e r y s lowly a t t a i n e d in th is t e m p e r a t u r e 
r a n g e . '^ 

T h e s tudy of n o n s t o i c h i o m e t r y in u r a n i a i s be ing w r i t t e n up for 
j o u r n a l pub l i ca t i on ; it i s b e l i e v e d t h a t the c u r r e n t l y a v a i l a b l e da ta can be 
f i t ted by an i m p r o v e d m o d e l in t e r m s of v a c a n c i e s , i n t e r s t i t i a l s , and t h e i r 
e n e r g i e s of f o r m a t i o n and i n t e r a c t i o n . 

b . The C o n g r u e n t l y V a p o r i z i n g C o m p o s i t i o n of U r a n i a . An e x p e r i 
m e n t a l s tudy of the c o n g r u e n t l y v a p o r i z i n g c o m p o s i t i o n ( s ) of u r a n i a was 
u n d e r t a k e n ' " to c l a r i f y c e r t a i n d i s a g r e e m e n t s in the l i t e r a t u r e c o n c e r n i n g 
(a) the v a p o r p r e s s u r e of UO2, and (b) w h e t h e r UO2 does o r does not v a 
p o r i z e c o n g r u e n t l y . T h e e x p e r i m e n t s w e r e done by v a p o r i z i n g r e l a t i v e l y 
l a r g e a m o u n t s of u r a n i a f r o m a K n u d s e n effusion ce l l into an u l t r a h i g h 
v a c u u m , and s u b s e q u e n t l y d e t e r m i n i n g the O / U r a t i o s of the r e s i d u e s by 
ign i t ion to U30g. T h u s , the p r i n c i p a l w e a k n e s s e s of p r e v i o u s w o r k - - i n s u f 
f ic ien t a m o u n t s of s a m p l e v a p o r i z e d to r e a c h the c o n g r u e n t c o m p o s i t i o n , 
and in su f f i c i en t ly low b a c k g r o u n d p r e s s u r e s - - w e r e avo ided . 

The a c c u m u l a t e d da ta b e t w e e n 2025 and 2375°C (±10°C) a r e 
shown in F i g . I6 , a p lo t of c o m p o s i t i o n of the u r a n i a r e s i d u e s v e r s u s t e m 
p e r a t u r e . It shou ld be no ted t h a t the c o n g r u e n t l y effusing c o m p o s i t i o n s w e r e 

•'̂ Markin, T. L.. at Harwell, England, using the H2-H2O equilibration technique, has obtained results in good 
agreement with those shown in Fig. 15 (private communication). 
Anderson, J. S., Nonstoichiometric Compounds, Advances in Chemistry Series, No. 39, American Chemical 
Society, Washington, D. C, 1963. Ch. 1, p. 6. 

•̂ ^Hagemark, K., KR-67, Institutt for Atomenergi, Kjeller Research Establishment, Kjeller, Norway 
(Feb 1964). 

'^Thom, R. J., and Winslow, G., J. Chem. Phys. 44, 2632 (1966). 
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16, Compositions of Congruently 
Effusing Urania 

a p p r o a c h e d f r o m b o t h h i g h e r a n d 

l o w e r i n i t i a l O / U r a t i o s , w h i c h i n d i 

c a t e s t h a t c o n s t a n t c o m p o s i t i o n s h a d 

b e e n a t t a i n e d . T h e d a t a s h o w t h a t t h e 

c o n g r u e n t c o m p o s i t i o n v a r i e s w i t h 

temperature and that, at e l e v a t e d 
t e m p e r a t u r e s , c o n g r u e n t l y v a p o r i z i n g 
u r a n i a is h y p o s t o i c h i o m e t r i c . 

c. P r o p e r t i e s of U r a n i u m 
Compound S y s t e m s 

(i) U P - U A s S y s t e m . 
Compos i t i ons w e r e p r e p a r e d in the 
U P - U A s s y s t e m and w e r e f i r ed at 
1800°C in v a c u u m . X - r a y a n a l y s i s 
showed c o m p l e t e so l id so lub i l i ty in 
the s y s t e m . A plot of l a t t i c e con
s tant v e r s u s mo le p e r c e n t U P y ie lded 
a s t r a i g h t l ine tha t e s s e n t i a l l y con
f o r m e d to V e g a r d ' s l aw. Th i s s u p e r 
s e d e s a p r e v i o u s r e s u l t of a nega t ive 

devia t ion f rom l inea r i ty . Me ta l l og raph i c e x a m i n a t i o n a l so r e v e a l e d a s ingle 
phase a c r o s s the e n t i r e s y s t e m . Oxygen con ten t s w e r e of the o r d e r of 
0.10 w / o and s e c o n d a r y UO2 p h a s e was not o b s e r v e d m e t a l l o g r a p h i c a l l y . 
Mel t ing t e m p e r a t u r e s w e r e obtained in a tungs ten , "V" f u r n a c e . The m e l t 
ing point of UP was 26lO°C and that of UAs, 2450°C. The l iqu idus t e m p e r a 
t u r e s showed d e c r e a s i n g va lues with i n c r e a s i n g mo le c o n c e n t r a t i o n s of 
UAs. X - r a y ana lys i s of m e l t e d s a m p l e s r e v e a l e d that a r s e n i c w a s p r e f e r 
en t ia l ly los t f rom solid solu t ions and m e t a l l i c u r a n i u m was f o r m e d . The 
p r e s e n c e of 5 to 10 w / o u r a n i u m upon me l t i ng 
migh t have been r e s p o n s i b l e for the concave 
downward shape of the l iquidus c u r v e ; p r e f e r 
ent ia l l o s s of a r s e n i c should have given an a p 
p a r e n t convex up'ward shape to the c u r v e , 

(ii) US-UAs Sys t em. Compos i t i ons 
in the s y s t e m US-UAs w e r e p r e p a r e d and f i red 
at 1800°C in vacuum. X - r a y a n a l y s i s showed 
comple t e solid solubi l i ty in this s y s t e m . L a t 
t ice cons t an t s for the s t a r t i n g c o m p o s i t i o n s a r e 
shown in Table XIV. 

Meta l log raph ic a n a l y s i s showed 
comple te sol id solubi l i ty , but a l so showed s e c 
onda ry oxide phase . UOS was o b s e r v e d in the 
US s a m p l e along with sma l l amoun t s of VO,, but 

T A B L E XIV. Mixed 
U r a n i u m Anion S y s t e m s 

S t a r t i n g 
C o m p o s i t i o n 

( m / o US) 

0 
14.1 
27.9 
41.0 
53.7 
65.8 
77,8 
88.2 

100 

L a t t i c e 
Cons tan t 

(A) 
5.777 
5.748 
5.705 
5.663 
5.623 
5.592 
5.557 
5.523 
5.589 
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UOj was the only second phase that occurred in compositions with high 
UAs contents. Oxygen contents averaged about 0.15 w/o, and oxide con
tents did not exceed 2 w/o. 

Melting temperatures were obtained for samples in the sys
tem, and the liquidus curve was a straight line connecting the melting points 
of the end members . The line had essentially zero slope, since melting 
points for both compounds were virtually the same, 2450 ± 20°C. X-ray 
analysis of melted samples also showed preferential vaporization of arsenic 
with respect to sulfur and uranium. Melted samples contained metallic 
uranium and higher S / A S ratios after melting than before. The presence 
of uranium did not result in a concave dcwnward liquidus curve in this case. 

d. Thermal Stability of Pu02. Evaporation rate measurements on 
PUO2 with the glovebox thermogravimetr ic analysis apparatus were begun. 
The PUO2 experiments a re prel iminary to a s imilar study on mixed 
uranium-plutonium oxide compositions. 

The first part of the PUO2 work involved fabrication of speci
mens from high-purity PuOj obtained from Los Alamos as a fine, hygro
scopic powder. Attempts to p ress the as- rece ived powder into pellets were 
unsuccessful; pellet density and strength were poor. Therefore, a calcina
tion procedure was adopted to increase particle size and to remove adsorbed 
gases. 

The first calcination run was made with the PuOj powder in an 
alumina boat at 1000°C in a helium-oxygen atmosphere. An unexpected, but 
extensive, reaction occurred between the powder and boat; the boat cracked, 
and the powder was discolored in the contact zone. The powder was suc
cessfully calcined by heating it in a platinum boat at 1000°C in a helium-
1 v/o oxygen atmosphere . 

The pellet-forming procedure included grinding the calcined 
powder, passing the powder through a 325 mesh screen, adding 1 w/o Car-
bowax 4000 binder dissolved in ethyl alcohol, and pressing at 60,000 psi. 
The pellets weighed about 2 g each and had good green strength. The pel
lets were fired in situ during the evaporation runs. 

It was unclear from a l i te ra ture search whether PUO2 would 
react significantly with tungsten or molybdenum in vacuum at the tempera
tures of the evaporation experiments. P re l iminary runs were therefore 
made to determine the compatibility of these metals with PUO2. 

In the first firing of a pellet on a tungsten plate at l6lO°C, se
vere reaction occurred with the pellet becoming firmly stuck to the tungsten 
plate. Figure 17 shows the resul ts of several weight-loss runs with PUO2 
pellet and powder on tungsten and molybdenum set ter plates in a tungsten 
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V POWDER ON TUNGSTEN 
X PELLET ON TUNGSTEN 
oPELLET ON MOLYBDENUM 

Fig. 17. Weight Loss vs. Time for 
Pu02 Resting on Tungsten 
and Molybdenum Plates in 
a Tungsten Crucible 

c r u c i b l e . T h e p o w d e r r u n w a s m a d e t o d e t e r 

m i n e if t h e r e a c t i o n r e s u l t e d f r o m t h e p r e s 

e n c e of b i n d e r i n t h e p e l l e t . W e i g h t - l o s s 

m e a s u r e m e n t s of t h e s e t t e r p l a t e s , c r u c i b l e , 

a n d s p e c i m e n s s h o w e d t h a t r e a c t i o n o c c u r r e d 

i n e a c h r u n . I t i s e v i d e n t f r o m t h e f i g u r e , 

h o w e v e r , t h a t m o l y b d e n u m w a s l e s s r e a c t i v e 

t h a n t u n g s t e n . 

T h a t t h e w e i g h t - l o s s w a s p a r t i a l l y 

d u e t o d e c o m p o s i t i o n of t h e PUO2 w a s d e m 

o n s t r a t e d b y r e o x i d a t i o n of t h e p e l l e t a f t e r 

e v a p o r a t i o n . R e o x i d a t i o n of t h e P u O j - x t o 

PUO2 w a s a c c o m p l i s h e d b y h e a t i n g t h e p e l l e t 

f o r o n e h o u r i n h e l i u m - 1 v / o o x y g e n a t 

1 2 0 0 ° C . O x y g e n - t o - m e t a l r a t i o s , w h i c h w e r e 

d e t e r m i n e d g r a v i m e t r i c a l l y , r a n g e d f r o m 

1.967 to 1.986. 

The evapora t ion e x p e r i m e n t s done thus far have shown tha t the 
"weight-loss con t r ibu t ion f rom r e a c t i o n is c o n s i d e r a b l y g r e a t e r than tha t 
f rom oxygen l o s s . A su i tab le con ta ine r m a t e r i a l m u s t t h e r e f o r e be found 
before meaningful o x y g e n - l o s s data can be obta ined . The r e a c t i v e n a t u r e 
of PUO2 m a k e s the con ta ine r p r o b l e m fo rmidab l e . E x p e r i m e n t s a r e under 
way to d e t e r m i n e whe the r i r i d i u m is compa t ib l e with PUO2. 

e. The rma l -d i f fu s iv i t y Equ ipmen t 
for C e r a m i c M a t e r i a l s . Thermal -d i f fus iv i ty 
m e a s u r e m e n t s have been extended to t e m 
p e r a t u r e s c lo se to 1500°C by the u s e of a 
l a s e r in conjunction with a t an t a lum h e a t e r 
fu rnace . A lead sulfide d e t e c t o r is employed 
a s a t e m p e r a t u r e - s e n s i n g device and a p 
p e a r s to function wel l be tween 300 and 1500° C. 
M e a s u r e m e n t s in this t e m p e r a t u r e r a n g e 
have been c a r r i e d out on UO2 and the r e s u l t s 
a r e shown in Fig. 18. Although t h e r e is s t i l l 
c o n s i d e r a b l e s c a t t e r , good a g r e e m e n t is 
found be tween ANL data and va lues in the 
l i t e r a t u r e . 

500 1000 
TEMPERATURE (°C) 

Fig. 18. Thermal Conductivity of UO2 
as a Function of Temperature 

f- I r r a d i a t i o n of H i g h - t e m p e r a t u r e M a t e r i a l s . A s e r i e s of i r r a 
d i a t i o n s i n i n s t r u m e n t e d c a p s u l e s i n t h e M T R a r e i n p r o g r e s s o n c e r a m i c 
fue l m a t e r i a l s , p r e s e n t l y c a r b i d e s a n d s u l f i d e s , b e i n g d e v e l o p e d u n d e r t h e 
h i g h t e m p e r a t u r e m a t e r i a l s p r o g r a m . A" s u m m a r y i s s h o w n in T a b l e X V . 
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TABLE XV. Status 01 (Ceramic Fuel ICIad in Nb-l w/o Z r l Irradiations in MTR 

Capsule 
or S/A No. 

56-11 
S6-8 
56-8 
56-11 
56-13 
56-13 
56-13 
56-13 
56-8 
56-8 
56-8 
56-8 
S6-11 
56-11 
56-11 
56-11 

Specimen 
Number 

MV-Z 
MV-3 
MV-5 
MV-6 
Z-4 
Z-5 
2-7 
C-45 
S-7 
S-8 
S-9 
S-10 
S-15 
S-16 
S-17 
S-18 

Fuel 
Composition 

Iw/ol 

UC-20 PuC 
K-20 PuC 
UC-!OPuC 
UC-20 PuC 
UC-20 PuC 
UC-20 PuC 
UC-20 PuC 

PuC 
US 
US 
US 
US 
US 
US 
US 
US 

Design 

Effective 
Density 

l» l 

79 
81 
80 
80 
79 
79 
79 
84 
80 
89 
76 
91 
82 
90 
88 
77 

Parameters 

Cladding 
ODI in. l 

0.281 
0.281 
0-281 
0.28! 
0.174 
0.174 
0.174 
0.174 
0.281 
0.281 
0.281 
0.281 
0.281 
0.281 
0.281 
0.281 

Clad 
Thickness 

l in . l 

0.012 
0.012 
0.012 
0.012 
0.015 
0.015 
0.015 
0.009 
O012 
0.012 
0.012 
0.012 
0.012 
0.012 
0.012 
0.012 

Power 
Density 
ll(W/ccl's' 

1.2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
4 
0 
0 
0 
0 
0 
0 
0 
0 

Operating Conditions 

Max Clad 
Temp (°CI 

470 
715 
705 
480 
665 
585 
570 
700 
535 
725 
750 
690 
380 
510 
500 
610 

a/o lU • 

5.8 
6.3 
6.0 
6.3 
1.2 
1.2 
1.2 
1.2 
4.6 
6.6 
6.6 
6.6 
3,7 
5.6 
4.3 
6.1 

Burr 

Pul 

up to Date 

liss/cc < 10-211"' 

15.0 
16.7 
15.7 
16.5 
3.1 
3.1 
3.1 
3.3 
8.9 

14.2 
12.2 
14.6 
7.7 

12.2 
9.3 

11.4 

^Based on effective density. 

g. Dissolution Kinetics in Liquid-metal Systems. Internal-friction 
techniques for the determination of intersti t ial element concentrations in 
refractory metals are being developed. This method appears to be a very 
sensitive indicator of impurity level at low concentrations (i.e., a few ppm 
by weight). 

Li terature on internal friction indicates that the interst i t ial-
element concentration of bcc metals is a linear function of the heights of 
specific internal-friction peak. Presen t work has involved the determina
tion of this relationship for the tantalum-oxygen system by correlating 
heights of internal-friction peak with data for vacuum-fusion analysis at 
high oxygen levels where the fusion data are relatively good. The peak 
heights at low oxygen levels (<50 ppm by weight in tantalum) will then be 
obtained by extrapolation of the vacuum fusion data to zero. 

Results to date indicate a pr imary oxygen peak at 1 34°C with a 
frequency of 0.28 cps. Internal friction peak heights of 4.1 x 10"^ were 
obtained for samples containing 74 ± 5 ppm oxygen. An internal friction 
peak of 1.9 x 10"' corresponds to ~34 ppm oxygen, and peaks of 0.42 x 10" 
and 0.18 x 10"' were obtained for samples listed as <20 ppm by vacuum 
fusion analysis. Oxygen levels of <20 ppm are generally not measurable 
by the vacuum fusion technique on samples of less than 0.3 g. The advan
tage of the internal-friction method thus is i l lustrated. 

It is planned to obtain the oxygen content in sodium at very low 
(<1 ppm) oxygen levels by equilibrating (with respect to oxygen) tantalum 
wires in the sodium. The partitioning of oxygen between sodium and tan
talum can be calculated by standard methods. This procedure will be car
ried out first at relatively high oxygen (irl sodium) concentrations where 
existing analytic techniques, e.g., vacuum distillation, are satisfactory to 
demonstrate the validity of the calculations. 
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The concentration of oxygen in tantalum in equilibrium with 
oxygen in sodium has been calculated using the following expression (based 
on the best available, including unpublished, data) for the solubility of oxy
gen in sodium: 

log C(ppm) = 6.939 - 2 8 0 1 ( I / T ) . 

TABLE XVI. Oxygen in Tantalum in 
Equilibrium with 1 ppm (by weight) 

Oxygen in Sodium 

Temperature 
(°C) 

Oxygen in Tantalum 
(ppm) 

600 
700 
800 

47.0 
35.5 
28.3 

The results of this calculation, ex
pressed in ppm oxygen by weight in 
tantalum in equilibrium with 1 ppm 
oxygen by weight in sodium, a re 
given as a function of tempera ture 
in Table XVI. 

These values indicate the 
potential sensitivity of the proposed 
method of oxygen analyses. 

2. Radiation Damage to Structural Materials 

a. Fast-neutron Irradiation of Jacket Materials . The effects of 
elevated temperature coupled with fast-neutron irradiat ion on the tensile, 
creep, creep-rupture, and tube-rupture propert ies of V-20 w/o Ti, 
V-15 w/o Ti-7,5 w/o Cr, Inconel-625, Hastelloy-X, and Type 304 stainless 
steel are being investigated in the exposure range from 1 x 10^' to 1 x 
10^' n/cm^. Forty-four capsules, containing 60 tube-rupture specimens and 
458 tensile-type specimens, are being irradiated in EBR-II subassemblies 
XA07, XA08, XO09, XOIO, and X013 at temperatures between 500 and 
670°C. The specimens have accumulated maximum total neutron exposures 
ranging from 6.5 x 10^' to 3.0 x 10^̂  n/cm^. The status and identification of 
the capsules are given in Table XVII. 

3. Techniques for Fabrication and Testing 

a. Ultrasonic Instrument and Transducer Development. The eval
uation of the three ultrasonic transducer probes, which were fabricated 
last month, was completed. Following is a summary of the results : 

(i) Gulton Industries HDT-31 mixture of lead zirconate-ti tanate 
is more sensitive than the PZT-4 mixture of lead zirconate-t i tanate of 
Clevite Corp. 

(ii) For frequencies of 5 Mcps and higher, a l. '27-cm-long, 
Fiberglas-loaded epoxy backing without a 30° cone on the end opposite the 
transducer is sufficient. Addition of this 30° cone or an increase in length 
does not improve the initial pulse length. 
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TABLE x v i f Status of Cladiling-materials Irradiations in EBR-II 

5/A No. 

XA07 
XA07 
XA07 

XA08 
XA08 
XA08 
XA08 
XA08 
XA08 
XA08 
XA08 
XA08 

XO09 
X009 
X009 

XOIO 
XOIO 
XOIO 
XOIO 
XOIO 
XOIO 
XOIO 
XOIO 
XOIO 
XOIO 
XOIO 

X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 
X013 

Capsule 
Number 

AS-9 
AS-10 
AS-11 

AS-1 
AS-2 
AS-3 
AS-4 
AS-5 
AS-6 
AS-7 
AS-8 
AS-12 

AS-14 
AS-15 
AS-27 

AS-16 
AS-17 
AS-18 
AS-19 
AS-20 
AS-21 
AS-22 
AS-23 
AS-24 
AS-25 
AS-26 

AS-34 
AS-35 
AS-36 
AS-37 
AS-38 
AS-39 
AS-40 
AS-41 
AS-42 
AS-43 
AS-44 
AS-45 
AS-46 
AS-47 
AS-48 
AS-49 
AS-54 
AS-55 

Cladding 
Composition (w/o) 

V-20 Ti 
Haslelloy-X 

304 SS 

V-20 Ti 
V-20 Ti 

Hastelloy-X 
Hastelloy-X 

304 SS 
V-20 Ti 

Hastelloy-X 
304 SS 
V-20 Ti 

V-20 Ti 
V-20 Ti 
304 SS 

Haslelloy-X 

V-20 Ti 
V-20 Ti 
V-20Ti 
V-20Ti 
V-20 Ti 
V-20 Ti 

Hastelloy-X 
304 SS 
304 SS 
304 SS 
304 SS 

Hastelloy-X 
V-20 Ti 
V-20 Ti 

Hastelloy-X 
V-20 Ti 
V-20 Ti 
V-20Ti 
V-20 Ti 

V-15 Ti-7,5 Cr 
V-15Ti-7 5Cr 
V-I5Ti-7 5Cr 
V-15 Ti-7,5 Cr 

Hastelloy-X 
304 SS 
304 SS 
304 SS 

V-15 Ti-7,5 Cr 
V-15Ti-7 5Cr 

Design Parameters 

Type of 
Specimen 

Tensile 
Tensile 
Tensile 

Tube-burst 
Tube-burst 
Tube-burst 
Tube-burst 
Tube-burst 

Tensile 
Tensile 
Tensile 
Tensile 

Tensile 
Tensile 
Tensile 

Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 

Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 
Tensile 

No, of 
Specimens 

16 
16 
16 

12 
12 
12 
12 
12 
16 
16 
16 
16 

13 
13 
13 

13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
15 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

Specimen 
Environment 

Argon-helium 
Argon-helium 
Argon-helium 

Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 

Argon-helium 
Argon-helium 
Argon-helium 

Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 
Argon-helium 

Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 

• Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 

Operating 

Max Specimen 
Temp PCI 

590 
590 
590 

540 
540 
540 
540 
540 
580 
580 
580 
580 

670 
670 
670 

500 
500 
500 
500 
5O0 
500 
500 
500 
500 
500 
500 

650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 

Conditions 

Exposure to 
Date In/cm^l 

3,0 X 10^2 
2,7 X 10^2 
2,9 X 1022 

2.4 X 1022 
2.4 X 10^2 
2.5 X 10^2 
2.5 X 10^2 
2,5 X 1022 
2,6 X 1022 
2,4 X 1022 
2,4 X 1022 
2,3 X 1022 

2.1 X 1022 
2.0 X 1022 
2,2 X 1022 

7.9 X lo2' 
8.6 X 1021 
7,5 X 1021 
7,9 X 10^' 
8,8 X 102' 

104 X 1021 
9,1 X 102} 

10,4 X lo2' 
8,8 X 102} 
8,4 X 10^' 
8,5 X 1021 

7,0 X 102' 
6,5 X 102j 
6,3 X 102 
7,0 X 10' ' 
7,3 X 102J 
7.0 X 10^' 
7.3 X 1021 
6.5 X 1021 
6.5 X 1021 
6,8xlo2 
6,8 X 1021 
6,5 X 102; 
7,3 X 10' ' 
7,5 X 102' 
7,3 X 1021 
7 3 X 1021 
6,8 X 102' 
7,0xl021 

(iii) Addition of a 30° cone (2.22 cm long, -500 mesh, 65,5% 
dense) in sintered nickel backing mater ia l at the end opposite the transducer 
increases the attenuation. The higher attenuation produces a shorter initial 
pulse. 

b. Development of a Neutron-image Intensification System. The 
possibility for using the neutron-image intensifier for neutron-diffraction 
applications has been more fully explored. As a detection method for neu
tron diffraction, the neutron-image intensifier would offer many of the 
advantages that are realized by the use of similar devices in the X-ray 
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d i f f r a c t i o n f i e l d . R a p i d o r i e n t a t i o n of c r y s t a l s c o u l d b e a c c o m p l i s h e d , ' 

In a d d i t i o n , b e c a u s e of t h e s p e e d of r e c o r d i n g o r o b s e r v i n g a p a t t e r n , d i f 

f r a c t i o n p a t t e r n s c o u l d b e o b t a i n e d f r o m s a m p l e s t h a t w o u l d n o t r e m a i n 

s t a b l e l o n g e n o u g h f o r a c o n v e n t i o n a l d i f f r a c t i o n a n a l y s i s . D y n a m i c s t u d i e s 

c o u l d a l s o b e m a d e , i n t h a t c h a n g e s c o u l d b e c o n t i n u o u s l y o b s e r v e d w h i l e a 

s a m p l e w a s h e a t e d o r s u b j e c t e d t o s o m e o t h e r v a r i a t i o n . ' ^ 

F o r d i r e c t v i s u a l o b s e r v a t i o n of d i f f r a c t i o n p a t t e r n s , o n e n e e d s 

a r e a s o n a b l e i n t e n s i t y i n o r d e r t o o b s e r v e s m a l l d i f f r a c t i o n s p o t s . T h e 

d e t a i l t h a t c a n b e o b s e r v e d a t a n y g i v e n n e u t r o n i n t e n s i t y c a n b e c a l c u l a t e d . 

T h e s i z e of t h e n e u t r o n s p o t t h a t c a n b e o b s e r v e d a t a g i v e n n e u t r o n i n t e n 

s i t y d e p e n d s u p o n t h e n u m b e r of n e u t r o n s a c t u a l l y c o n t r i b u t i n g t o t h e i m a g e 

d u r i n g t h e t i m e t h e i m a g e i n f o r m a t i o n i s a c c u m u l a t e d , a n d u p o n t h e v a r i a 

t i o n i n t h e n u m b e r of q u a n t a i n t h e i m a g e t h a t w i l l p e r m i t o b s e r v a t i o n of 

t h e s i g n a l . T h e p e r m i s s i b l e v a r i a t i o n f o r a u s e f u l v i s u a l s i g n a l h a s b e e n 

r e p o r t e d ' ^ ' " to b e b e t w e e n t h r e e a n d f i v e . 

F o r v i s u a l o b s e r v a t i o n of t h e n e u t r o n i m a g e a t t h e o u t p u t p h o s 

p h o r of t h e i n t e n s i f i e r t u b e , o n e c a n u s e t h e f o l l o w i n g f a c t o r s : a c c u m u l a t i o n 

t i m e of t h e s i g n a l i s 0 .2 s e c ; n u m b e r of n e u t r o n s c o n t r i b u t i n g t o t h e i m a g e 

i s 15% of t h o s e i n c i d e n t o n t h e i n t e n s i f i e r t u b e ( a l l o w i n g 5 0 % a b s o r p t i o n i n 

t h e i n t e n s i f i e r t u b e w i n d o w a n d 30% a b s o r p t i o n i n t h e n e u t r o n s c i n t i l l a t o r ) ; 

m i n i m u m o b s e r v a b l e s i g n a l - t o - n o i s e r a t i o i s t h r e e . N e u t r o n b e a m s i z e s 

t h a t s h o u l d b e d e t e c t a b l e l i e a b o v e t h e l i n e B i n F i g . 19; t h o s e t h a t s h o u l d 

n o t b e d e t e c t a b l e l i e b e l o w l i n e B . T h e s t r a i g h t l i n e A , f o r a b e a m s i z e of 

0 . 3 5 - m m d i a m e t e r , i s t h e l i m i t i n g r e s o l u t i o n of t h e p r e s e n t i m a g e -

i n t e n s i f i e r t u b e . L i n e C r e p r e s e n t s t h e s h i f t i n t h e v i s i b l e - - n o t v i s i b l e d i 

v i d i n g l i n e if t h e n e u t r o n a t t e n u a t i o n i n t h e i m a g e i n t e n s i f i e r - t u b e w i n d o w 

c o u l d b e e l i m i n a t e d . In t h a t c a s e , 3 0 % of t h e i n c i d e n t n e u t r o n s w o u l d c o n 

t r i b u t e t o t h e i m a g e . T h i s r e p r e s e n t s a s i t u a t i o n t h a t s h o u l d b e p o s s i b l e . 

L i n e D r e p r e s e n t s t h e i m p r o v e m e n t t h a t w o u l d b e p o s s i b l e if a l l of t h e i n 

c i d e n t n e u t r o n s c o n t r i b u t e d to t h e i m a g e , t h e i d e a l s i t u a t i o n . 

A l s o s h o w n i n F i g . 19 i s a n e x p e r i m e n t a l c u r v e o b t a i n e d i n a 
t e s t i n w h i c h t h e o u t p u t p h o s p h o r s c r e e n w a s d i r e c t l y o b s e r v e d t h r o u g h a 
b i n o c u l a r o p t i c a l s y s t e m ^ " b y s e v e r a l o b s e r v e r s . T h e n e u t r o n b e a m s i z e s 
r e l i a b l y o b s e r v e d a t s e v e r a l n e u t r o n i n t e n s i t i e s a r e s h o w n ; t h e d a t a c o r 
r e l a t e w e l l w i t h t h e d i v i d i n g l i n e f o r m e d b y l i n e s A a n d B . 

l^Euler, F., Device for Rapid Orientation of Crystals by Direct-image X-ray Techniques, U. S. Air Force 
Report, AFCRL-66-106 (Feb 1966). 

17 
Kennedy, S. W., Rapid X-ray Diffraction Studies Using Image Intensification, Nature 210, 936 
(May 28, 1966). 

18 
Sturm, R. E., and Morgan, R. H., Screen Intensification Systems and Their Limitations, Am. J. 
Roentgenology and Radium Therapy 62, 617 (1949). 
Morton, G. A., Image Intensifiers and the Scotoscope, Applied Optics 3, 651 (1964). 
The optical system was loaned for this test by the Picker X-Ray Corp. 
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0.001 0.01 0.1 1.0 10.0 

INTENSIFIER TUBE OUTPUT PHOSPHOR BRIGHTNESS - FT.-LAMBERTS 

EXPERIMENTAL 

NOT VISIBLE 

THERMAL NEUTRON INTENSITY INCIDENT ON INTEN SI Fl E R TUBE N / C M ^ - S E C . 

Points above line B should be observed; those below line B should not. Line C rep
resents the improvement to be expected if the neutron absorption in the window of 
the intensifier tube were eliminated, and line D represents the ideal case in which 
all the incident neutrons contribute to the image. Line A is the resolution limit of 
the present tube (0.35 mm). The experimental data, obtained by direct observa
tion of the intensifier tube output screen with a 3X optical system, correlate well 
with lines A and B, the predicted threshold values for this intensifier tube. 

Fig. 19. Neutron Beam Sizes Which Should Be Detectable for a Given 
Neutron Intensity with a Neutron Image Intensifier Tube 

F i g u r e 19 can be u s e d to e s t i m a t e w h e t h e r a d i f f rac t ion p a t t e r n 
can be o b s e r v e d d i r e c t l y , o r w h e t h e r s o m e add i t iona l s t o r a g e e l e m e n t 
would be needed in the s y s t e m . F o r a d i f f rac t ion spot having a d i a m e t e r of 
3 m m , l ine B i n d i c a t e s tha t it should have an i n t e n s i t y of 10* n / c m ^ - s e c o r 
g r e a t e r in o r d e r to be d e t e c t a b l e v i s u a l l y with the n e u t r o n i n t e n s i f i e r tube . 
Such a d i f f rac t ion spot could be a n t i c i p a t e d by a r e f l ec t i on f rom a s ingle 
c r y s t a l s a m p l e in a m o n o c h r o m a t i c b e a m having an i n t e n s i t y of 10 n / c m ^ -
s e c ; such d i f f rac t ion spo t s have been v i s u a l l y o b s e r v e d at C P - 5 . If the spot 
w e r e a w e a k Laue spot , on the o t h e r hand, an i n t e n s i t y of about 10 n / c m ^ -
s e c would be n e c e s s a r y at the s a m p l e . F o r c a s e s in which th is i n t e n s i t y 
was not a v a i l a b l e , the d e t e c t i o n could be a c c o m p l i s h e d by i n c r e a s i n g the 
t i m e during which the s i g n a l i n f o r m a t i o n a c c u m u l a t e s , for e x a m p l e , by 
p h o t o g r a p h i n g the output s c r e e n wi th an e x p o s u r e t i m e g r e a t e r than 0.2 s e c . 
E l e c t r o n i c n e u t r o n - d i f f r a c t i o n d e t e c t i o n s y s t e m s with t e l e v i s i o n o r s m a l l 
d e t e c t o r a r r a y s a l s o a p p e a r f ea s ib l e for u s e with the n e u t r o n i m a g e 
i n t e n s i f i e r . 

c. D e t e r m i n a t i o n of E l a s t i c Modul i of H i g h - t e m p e r a t u r e M a t e r i a l s 
by U l t r a s o n i c s . A rod of V-15 w / o T i - 7 . 5 w / o C r ( see P r o g r e s s R e p o r t s 
for M a y 1966, A N L - 7 2 1 9 , p . 47, for J u n e 1966, A N L - 7 2 3 0 , p. 38) was 
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remachined in hopes of improving the echo pattern, but there was no notice
able improvement. The trailing pulses, generated by mutual conversion of 
shear and longitudinal pulses, were still confused by scattering in the rod. 
The problem was solved by placing two t ransducers on the end of the rod--
a 5-Mc/sec longitudinal wave transducer and a 5-Mc/sec shear t ransducer . 
Each transducer was 1.27 cm in diameter, so they could fit next to each 
other on the 2.54-cm-dia specimen. With the two t ransducers , both shear 
and longitudinal wave velocities can be determined by direct t r ans i t - t ime 
measurements . A test on this specimen was made from room temperature 
to 1150°C, and the results look very good. Calculations of velocities and 
moduli are now being made. 

4. Engineering Proper t ies of Reactor Materials 

a. Mechanical Proper t ies of Uranium and Plutonium Compounds. 
Deformation tests on UOj at 1900°C at various s train ra tes continue. No 
slow-rate strain tests , however, were made because a long time at tempera
ture would permit considerable vaporization of the UO2. The maximum 
s t ress continues to decrease with increasing tempera ture at medium strain 
rate, A slight increase in the value for maximum s t r e s s was observed when 
a fast strain rate was used. 

Facilities are being developed for determining high-temperature 
mechanical properties of plutonium compounds. The furnace that has been 
used for similar measurements of uranium compounds "will be modified for 
glovebox operation. A new method of mounting the radiation shields and a 
new power supply to the split tungsten mesh element have been developed. 
Space limitations have dictated a new door-hinging assembly. 

An Instron lov/-speed universal testing instrument with column 
separation of 36 in. and crosshead height of 52 in. to accommodate an in
ternally mounted glovebox has been ordered. This unit will have a split 
console; variable and calibrated speed crosshead drive with automatic pac
ing; load-cycling controls; zero suppression controls; and an X-Y chart 
device system for extensometer use. An extensometer that can be attached 
to the tungsten tooling in the hot zone of the furnace is being developed for 
glovebox application. 

A glovebox to contain the furnace and to be internally mounted 
on the Instron universal tes ter has been designed and is being fabricated at 
ANL. The box will be suspended from the Instron frame, but will be addi
tionally supported by an exterior frame. The furnace will be suspended 
from the glovebox frame to permit precision alignment of the load testing 
train. 

The four-point loading technique for cross-bending of specimens 
will continue to be used. It is anticipated that smal ler specimens will be 
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used for the plutonium-containing mater ia l s . Plans include the determina
tion of the high-temperature Young's modulus, deformation, and the effect 
of temperature on plasticity and yield strength. These propert ies will be 
corre la ted with the thermal history, micros t ruc ture and other physical 
charac te r i s t ics of plutonium, as well as uranium, ceramic compounds. 

b. Linear Thermal Expansion of Vanadium, Titanium, Chromium, 
and Some Vanadium-base Alloys. The linear thermal-expansion charac
te r i s t ics of vanadium, titanium, and chromium (cylindrical specimens of 
6.4-mm diameter and 38-mm long) and of V-30 w/o Ti and V-50 w/o Ti 
alloys (sheet specimens, 38 by 6.4 by 0.8 mm) were determined up to 
1000°C. Experimental values of A L / L Q versus temperature were fitted to 
a second-degree polynomial by the method of least squares. Similar least-
squares fits were obtained for V-40 w/o Ti, V-5 w/o Ti-15 w/o Cr and 
V-15 w/o Ti-7.5 w/o Cr, whose mean linear expansion coefficients were 
previously reported in the Monthly P rogres s Report for April 1966, March 
1966 and February 1966, respectively (ANL-7204, ANL-7 193 and ANL-7 176, 
respectively). The polynomials and the mean expansion coefficients calcu
lated from the equations are given in Table XVIII. 

TABLE XVIII. Linear Thermal Expansion of Vanadium, 
Titanium, Chromium, and Some Vanadium-base Alloys 

M a t e r i a l 

AL 

Lo 

V a n a d i u m 

T e m p Range 
Dens i ty (g -cm"^) (°C) 

= 9.03 X 1 0 " ' T -r 1.56 X 1 0 " ' T ^ (0-1000°C) 

6.08 ± O.Ol 0-250 
0-500 
0-750 
0- 1000 

M e a n L i n e a r 
Expans ion 
Coefficient 
(10" ' ° c - ' ) 

9.42 
9.81 

10.20 
10.59 

AL 
.53 x 10"^T + 2.08 X I Q - ' T ^ (0-1000°C) 

4 ,51 ± 0.02 0 - 2 5 0 
0 - 5 0 0 

0 -750 

0 - 1 0 0 0 

9.05 
9.57 

10.09 
10.61 

T i t a n i u m 

^ ^ = 3.98 x 1 0 " ' T -r 9.38 X 1 0 " ' T ^ - 3.32 x IQ-'^T^ (100-1000°C)* 
Ĵ o . 

C h r o m i u m 7.16 ± 0 . 0 1 0-250 5.66 
0-500 7.80 
0-750 9.20 
0-1000 9.85 
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T A B L E XVIII (Contd.) 

M a t e r i a l 

M e a n L i n e a r 
E x p a n s i o n 

T e m p Range Coeff ic ient 
Dens i ty (g -cm-^) (°C) ( 1 0 ' ' "C" ' ) 

— = 8.90 X 1 0 " ' T + 2.28 X lO'^T^ (0-1000°C) 
L Q ^ 

V-30 w / o Ti 5.53 ± 0.01 0-250 
0-500 
0-750 
0-1000 

9.47 
10.04 
10.61 
11.18 

V-40 w / o Ti 

A L 

Lo 
= 8.59 X l O ' ^ T -f 2.37 

5.36 ± 0.03 

X 10" • ' T ^ (0 -1000 ' 

0 - 2 5 0 

0 - 5 0 0 

0 - 7 5 0 

0 - 1 0 0 0 

°C) 

9.18 
9.77 

10.36 

10.96 

- ^ = 9.75 X 1 0 " ' T + 1.96 X 1 0 - ' T ^ (0-1000°C) 

V-50 w / o Ti 5.20 0-250 
0-500 
0-750 
0-1000 

10.13 
10.51 
10.89 
11.27 

AL 
L„ 

30 X 10"''T -I- 1.96 X 1 0 " ' T ^ (0-1000°C) 

V-15 w / o T i - 7 . 5 w / o Cr 5.88 ± 0 . 0 2 0 -250 

0 -500 

0 -750 

0 -1000 

9.29 
9.78 

10.27 

10.76 

-— = 7.90 X 10"^T -I- 3.98 X 1 0 " ' T ^ (0-1000°C) 
L Q 

V-5 w / o T i - 1 5 w / o C r 6.16 0-250 
0-500 
0-750 
0-1000 

9.82 
10.38 
10.94 
11.50 

• R e f e r e n c e taken above the m a g n e t i c o r d e r i n g t e m p e r a t u r e of 37°C. 
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C. Engineering Development 

1. Master-Slave Manipulator Systems 

a. Elect r ic Master-Slave Manipulator, Mark E4A. Changes are 
being made in the Mark E4A to improve its stability (see P r o g r e s s Report 
for July 1966, ANL-7245, p. 4l) . The gear rat ios a re being changed to 
cor rec t the slow speed of the mas ter motors with respect to the slave. The 
required gears a re to be delivered by September 19. 

Certain electr ical changes are being made to broaden the am
plifier bandwidth and to cor rec t the force-rat io changes caused by the new 
gearing. All the required electr ical parts are now on hand, and all revi
sions, both mechanical and electr ical , will be completed by late September. 

b. Low-inertia Servo Motors for Manipulators. A newly designed, 
low-inertia, cup-type servo motor, intended for use with a manipulator 
having over 100-lb load capacity, has been assembled. Pre l iminary elec
t r ical testing has begun. 

2. Boiling Liquid-metal Technology 

a. Niobium- 1% Zirconium Loop. After 800 hr of vacuum chamber 
operation, the booster pump seals again showed signs of excessive wear. 
They have been replaced with a new type. Also, an outboard bearing has 
been installed to reduce the torque load on the original seals . 

A check of the liquid nitrogen system shows that the diffusion-
pump baffle is consuming approximately 20% mbre nitrogen than the nomi
nal design load, occasionally running dry over a 65-hr weekend period. 
Additional capacity will be installed for use during continuous high-
tempera ture loop experiments. 

During low-temperature calibration runs with sodium, the dif
ferential p re s su re t ransducers yielded much lower output voltages than 
indicated by the original calibration curves. The difficulty has been traced 
to the eddy-current field in the sodium which fills both sides of the t r ans 
ducer diaphragms. It has been shown that the increased input power to the 
linear variable differential t ransformer w^indings yields usable deflections; 
modifications a re underway. 

b. Heater Experiments 

" (i) Electron-bombardment Heater Experiment. Approximately 
500 hr of testing with the 0. 030-in.-dia, uncarburized thoriated-tungsten 
filament have been achieved. Heat fluxes ranging up to 350,000 Btu/hr-ft^ 
have been supplied to the anode during both s teady-state and transient 
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t e s t i n g , with peak s o d i u m t e m p e r a t u r e s to 1500°F. T h i s i n c l u d e s an e m i s 
s ion c u r r e n t r a n g e to 5.2 A and a ca thode to anode vo l t age of 7700 V. T h i s 
e x p e r i m e n t is a p p r o a c h i n g l imi t ing d e s i g n cond i t i ons and wi l l be mod i f i ed 
to p rov ide h i g h e r hea t f luxes for s h o r t p e r i o d s of t i m e . T h e s e t e s t s and an 
eva lua t ion of the e l e c t r o n - b o m b a r d m e n t h e a t e r s tudy by E i m a c C o r p . wi l l 
p rov ide the b a s i s of the final d e s i g n for u s e in the N b - 1% Zr loop at 2100°F. 

3. G e n e r a l Hea t T r a n s f e r 

a. Hea t T r a n s f e r in Doub le -p ipe Hea t E x c h a n g e r s 

(i) C o u n t e r c u r r e n t T u r b u l e n t L i q u i d - m e t a l F low. A s e r i e s of 
e x p e r i m e n t s with the f i r s t m e r c u r y - t o - m e r c u r y c o n c e n t r i c - t u b e e x c h a n g e r 
was comple t ed . T h i r t y - f i v e s e p a r a t e r uns w e r e m a d e for a r a n g e of t u b e -
s ide flow r a t e s with the a n n u l u s - s i d e flow r a t e he ld c o n s t a n t . Hea t ex 
c h a n g e r e f f ic ienc ies w e r e c o m p u t e d f r o m m e a s u r e d flow r a t e s and in le t 
and out le t fluid t e m p e r a t u r e s . Fu l ly deve loped o v e r a l l hea t t r a n s f e r coef
f ic ients w e r e i n f e r r e d f rom de ta i l ed m e a s u r e m e n t s of the o u t e r wa l l t e m p e r 
a t u r e d i s t r i b u t i o n by the t echn ique d e s c r i b e d by Ste in^ ' and u s e d p r e v i o u s l y 
with c o c u r r e n t flow e x p e r i m e n t s . 

F o r each t u b e - s i d e flow r a t e , da ta w e r e ob ta ined for t h r e e 
d i f fe ren t in le t t e m p e r a t u r e d i f f e r e n c e s . The p u r p o s e of t h e s e " i n l e t -
t e m p e r a t u r e - d i f f e r e n c e e x p e r i m e n t s " is to d e t e r m i n e if c e r t a i n i d e a l i z a 
t i o n s , such a s neg l ig ib le end conduct ion and neg l ig ib le t h e r m a l convec t ion , 
a r e val id for the t e s t hea t e x c h a n g e r . The a n a l y t i c a l i n v e s t i g a t i o n s a r e 
b a s e d on t h e s e i d e a l i z a t i o n s ; if they a r e val id , hea t e x c h a n g e r e f f i c ienc ies 
and o v e r a l l hea t t r a n s f e r coef f ic ien ts , as d e t e r m i n e d by the e x p e r i m e n t , 
wi l l be independen t of the in le t t e m p e r a t u r e d i f f e r e n c e . The r e s u l t s r e 
vea l ed a s ign i f ican t dependence of t h e s e c o m p u t e d q u a n t i t i e s on the in le t 
t e m p e r a t u r e d i f fe rence , ind ica t ing that one o r m o r e of t h e s e i d e a l i z a t i o n s 
a r e not being sa t i s f i ed in the e x p e r i m e n t . S i m i l a r d i f f icu l t ies w e r e e x p e r i 
enced with the c o c u r r e n t flow e x p e r i m e n t s , m a k i n g it n e c e s s a r y to c o r r e c t 
e x p e r i m e n t a l r e s u l t s by g r a p h i c a l e x t r a p o l a t i o n to z e r o t e m p e r a t u r e dif
f e r e n c e . Since the e x t r a p o l a t i o n p r o c e d u r e is t ed ious and r e s u l t s in 
i n a c c u r a c i e s , p r e s e n t efforts a r e being devoted to e l i m i n a t i n g o r r e d u c i n g 
the effects of the n o n i d e a l i t i e s . 

4 . E l e c t r i c a l C o n n e c t o r S h e l l a n d S e a l T e s t i n g 

A s e r i e s of t e s t s w e r e p e r f o r m e d i n w h i c h a c o n n e c t o r a s s e m b l y 

w a s s u b j e c t e d t o r e p e a t e d c y c l e s of h e a t i n g , s o d i u m i m m e r s i o n , r e m o v a l 

21 
Stein, R. P., "A Method for the Determination of Local Heat Fluxes in Liquid-metal Heat Exchangers," in 
Proceedings of the Conference on Application of High Temperature Instrumentation to Liquid-metal 
Experiments, ANL-7100 (1966), p. 483. 
Merriam, R. L.. An Investigation of Liquid-metal Heat Transfer in a Cocurrent Flow, Double-pipe, Heat 
Exchanger, ANL-7056 (June 1965). 
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from sodium, opening, and resealing the shell in the test vessel (see Prog
re s s Report for June 1965, ANL-7071, p. 9). Tempera tures were raised 
gradually to 400°C in argon and in sodium during each cycle. The inside 
of the shell was evacuated during the heating periods to monitor leak 
t ightness. 

Four consecutive cycles were completed with immersion and "soak
ing" in the sodium of approximately 12 hr /cyc le . 

Slight inleakage of gas was detected during temperature cycling in 
argon, but no leakage occurred when immersed in sodium. The seal \vas 
hermetical ly tight when "soaked" at temperatures above 300°C. No sodium 
entered the shell at any time during the test period. 

It is planned to continue the testing with longer cycles and higher 
tempera tures . 

D. Chemistry and Chemical Separations 

1. Fluoride Volatility P r o c e s s e s 

a. Recovery of Uranium and Plutonium from Low-enrichment 
Fuels: Laboratory Support Work 

(i) Instruments for Plutonium Analysis. An experimental pro
gram is under way to develop techniques for remote plutonium analysis 
based on the counting of neutrons derived from (a,n)-type reactions. Cur
rent tes ts involve the use of He ' proportional counters for estimating the 
quantity of plutonium in solid samples. Variations in specific counting 
rate [counts/(min)(g PUF4)] with sample size, sample position, and counter 
position were determined. A large sample of PuF^ was counted and est i 
mated to contain 94.6 g PuFj , which is to be compared with 100.9 g obtained 
by weighing. 

(ii) Reactions of UO; and UO3 with BrF^. The study of the reac
tions of B r F j with various uranium compounds has been concluded with the 
determination of the kinetics of the reactions of BrFj with UO2 and UO3. 
Two types of UOj were used in these experiments: mater ia l prepared by 
the reduction of UF^ by steam-hydrogen mixtures , and high-density sin
tered UO2. Both mate r ia l s were pulverized to -170-1-200 mesh powder. The 
reaction of UOj with BrF5 proceeds by the formation of UOjFj which, in 
turn, is fluorinated to UF^. The rate of reaction of sintered UOj was less 
than that observed at identical t empera tures for UO2 derived from reduc
tion of UFfc. At 305°C, the reaction ra tes were 19 x l O ' ^ m i n and 50 x 
10"Vmin, respectively. For the reactions with BrF j , an activation energy 
of 14 kca l /mole was calculated for the sintered UOj, whereas a value of 
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7.5 kcal/mole was calculated for the UF^-derived oxide. The low value of 
the activation energy suggests that the reaction is controlled by the forma
tion of UO2F2 and depletion of UO2F2 by fluorination. (The activation energy 
for the U02F2-BrF5 reaction is 8.3 kcal /mole.) In the case of sintered 
UO2, the high activation energy suggests the presence of UO2F2 and UF4 
(activation energy of the UF4-BrF5 reaction is 16.9 kcal /mole) on the sur
face of the reacting part icles . Both UF4 and UO2F2 are formed by the reac
tion of UF(, with UO2. The difference in behavior in the two types of oxide 
probably a r i ses from the degree of reactivity of the two oxides. The UO2 
derived from UF^ is rapidly converted by BrF j to UO2F2 and interaction at 
the oxide surface with UFj is essentially absent, while sintered oxide is 
more slowly fluorinated to UO2F2 and therefore some oxide surface is 
available for contact with UFj to produce UF4 and UO2F2. A value of 
7.7 kcal/mole was calculated for the activation energy of the UOj-BrFj 
reaction. 

A series of experiments were performed with UF^-derived 
UO2 and with UO3 to determine the effect of BrF j part ial p re s su re on the 
rates of reaction. The following equations were derived to represent the 
temperature and partial p ressure dependence of the two reactions: 

for the U02-BrF5 reaction, log k = 0,84 log P - ( 1 6 3 0 / T ) - 0.270; 

for the U03-BrF5 reaction, log k = 1.05 log P - ( 1 6 8 0 / T ) - 0.767. 

During the course of this laboratory support program, the 
kinetics of the reactions between BTFC, and UF4, UO2F2, UsOg, UO3, and 
UO2 were measured. A summary of the data appears in Table XIX in the 
form of constants for the equations representing the temperature and BrFg 
partial p ressure dependence of the ra tes of reaction. 

TABLE XIX. Equations for Estimating the Rates of 
Reaction of BrFj with Uranium Compounds 

Rate Equation: log k = n log P - ( A / T ) -I- B; 
P in Torr , k in min" ' 

n 

A 

B 

Ac t iva t ion 
E n e r g y , 
k c a l / m o l e 

U F 4 

0.38 

3690 

4.286 

16.9 

UO2F2 

0.71 

1810 

0 

8 . 3 

U3O8 

0.90 

2000 

-0 .220 

. 9.2 

UO2 

0.84 

1630 

-0 .270 

7 . 5 

UO3 

1.05 

1680 

-0 .767 

7 . 7 
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b. Recovery of Uranium and Plutonium from Low-enrichment 
Fuels: Engineering Work 

(i) Engineering-scale Alpha Facility. The pr imary objectives 
of experiments performed in the engineering-scale alpha facility are to 
investigate the possible difficulties in handling PuF^ on an engineering 
scale and to determine the feasibility of possible fluoride volatility flow
sheets . Initial experiments involve the processing of UO2-PUO2 fuel con
taining synthetic fission products; later experiments may be made with low 
levels of fission product activity. A ser ies of experiments are under way to 
demonstrate the t ransfer of PuF^ in process equipment. Two tests 
(runs U-8 and Pu-9) were performed in which UF^ and PuF(, were vapor-
t ransfer red from one vessel to another. In run U-8, I60 g of UF(, was vac
uum t ransfe r red from a small supply vessel to a large cold t rap (~1 cu ft) 
maintained at -52°C. The UF4 was then t ransfer red to a small nickel r e 
ceiver (800 ml) using nitrogen as the c a r r i e r gas. In this operation, the 
cold t rap was heated to 75°C and the UF4 was swept from the t rap by the 
nitrogen gas s t ream. The receiver vessel was maintained at temperatures 
between -38 and -57°C. A small NaF trap was used to collect any UFj which 
passed through the receiver vessel . Approximately 123 g UF4 was collected 
in the product rece iver and 35.2 g in the NaF trap; collectively, these num
bers represent a UF^ mater ia l balance of about 99% in the two transfer 
operations which is considered to be very satisfactory. 

The t ransfer of PuF(, (run Pu-9) was performed in the 
same equipment under the same operating conditions. During the vacuum 
transfer step, 89.4 g of PuF^ was t ransfer red to the cold trap. In the sec
ond t ransfer , 74.0 g PuF^ was collected in the receiver vessel and 13.4 g 
PuF^ was collected in the NaF trap. The PuF^ mater ia l balance, taking 
into account alpha decomposition of PuFj at a ra te of 2% per day for 8 hr, 
was 98.4% for the t ransfer experiment. This resul t is considered to be 
highly satisfactory. 

(ii) P r o c e s s Development Studies for Uranium Dioxide Fuels. 
P i lo t - sca le studies to demonstrate the use of BrF5 in the processing of 
UO2 fuels a re under way in a 3-in.-dia fluid-bed reactor . A run has been 
performed with 2.2 kg of fragmented UO2 pellets (fragment size, 
-0.5-t0.13 in.) to evaluate the equipment performance in the pilot-plant 
facility (run BRF5-1). The UO2 fragments and 2.9 kg of -60 mesh alumina 
part ic les were charged to the 3-in.-dia reactor . The UO2 was oxidized to 
UaOg powder by passing a 20 v/o oxygen in nitrogen fluidizing gas s t ream 
at a velocity of 1.5 f t /sec through the bed at 450°C for 6 hr. The UjOg fines 
were fluorinated to UF^ by reaction with 12 v/o BrF j in nitrogen for 2 hr 
at 300°C. The fluidization gas velocity during fluorination was 0.8 f t /sec. 
The total quantity of B r F j fed to the reactor was 1.5 t imes the stoichio
met r ic amount to convert the uranium to UF^ (3.8 kg). 
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All equipment operated satisfactorily throughout the entire 
run. The alumina bed mater ia l drained freely and was free from agglom
erates at the end of the run. The average UFe, production rate for the en
t ire fluorination period was 65 lb/(hr)(sq ft reactor c ross section). Future 
tests will involve the fluorination of larger quantities of uranium. Of pr i 
mary interest in these tests will be the establishment of fluorination con
ditions that avoid the occurrence of temperature excursions. 

c. Disposal of Gaseous Fluoride Volatility Reagents. A factorially 
designed experiment to study the effects of process variables on the capac
ity of activated alumina for the removal of fluorine from a gas s t ream in a 
fluidized bed of activated alumina has been completed. The experiment 
(16 runs) was performed in a 2-in.-dia fluid-bed reactor . The capacity of 
the alumina was measured at the time of fluorine breakthrough, that is, 
the time when the concentration of fluorine in the effluent gas s t r eam ex
ceeds a certain value, such as 200 ppm. 

Pre l iminary interpretation of the data from the experiment 
indicates: (i) increasing the bed temperature from 300 to 400°C, increas
ing the bed depth-to-diameter ratio from 3 to 6, and decreasing the alumina 
particle size from 28-48 mesh to 48-100 mesh were all effective in increas
ing the capacity of the activated alumina for fluorine disposal; (ii) changing 
the fluidizing gas velocity (1.25 to 1.65 times minimum fluidizing velocity) 
and changing the fluorine concentration (from 5 to 10 v/o in nitrogen) has 
no effect on the capacity of the bed; (iii) there appeared to be no significant 
interactions among the five independent variables. 

d. Chemistry of Tellurium Fluorides. Studies of the reactions of 
volatile tellurium fluorides are under way to determine the conditions 
whereby tellurium is fixed on solid mater ia ls and to investigate the kinetics 
of the reaction. Pre l iminary studies on the sorption of TeF(, on Linde Mo
lecular Sieve Type lOX indicate that this mater ia l is less effective than 
Linde Molecular Sieve Type 13X (see P rogress Report for July 1966, 
ANL-7245, p. 73) in retaining TeF^ after sorption; significant quantities of 
TeFt desorbed from Type lOX sieve after 1 hr in vacuum. Silica gel also 
exhibits poor retention and sorption rate propert ies for TeF^. 

Tests performed to investigate the reaction of TeF^ with copper 
turnings and nickel wool indicated that, at 400 and 500°C, TeF^, readily 
reacts with both mater ia ls . The reaction of TeF^ with these mater ia l s gave 
nonvolatile reaction products. 
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III. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Research Reactor (AARR) 

1. Fuel and Core Development 

a. Thermal Conductivity of Irradiated Fuel as a Function of Burnup 
and Tempera ture . The flash method of determining thermal diffusivity and 
thermal conductivity is being utilized to measure the thermal propert ies of 
AARR fuel plates . Measurements with the unirradiated mater ia l are made 
from ambient tempera ture up to 800°C with intermediate measurements at 
100°C increments . Twenty samples from five fuel plates have been tested, 
and the data reduction is in p rogress . 

b. Transient Analysis. Investigatory work necessary for the devel
opment of a refined mathematical model to describe the transient behavior 
of the AARR continued. Calculations were made to determine whether it 
is necessa ry to account for the temperature dependence of thermal prop
ert ies of fuel-plate mater ia l s in order that sufficient accuracy is provided 
in calculations of plate tempera tures during transient heating. 

Examination of time-dependent tempera tures within a typical 
AARR fuel plate and associated coolant channel was accomplished through 
the use of a digital computer code, ANL designation RE-322. A detailed, 
two-dimensional representat ion of an AARR half-plate and half-channel 
was developed, consisting of 10 zones along the plate length, each of which 
comprised 7 nodes through the plate half-thickness plus one in the flowing 
bulk water . Thus the spatial representat ion of the plate and water con
sisted of a total of 80 nodes. 

The heat-generat ion profile along the plate length was assumed 
to be a chopped cosine function; heat generation was assumed uniform 
through the half-thickness of the fuel zone. Time dependence of the total 
heat-generat ion level was specified by auxiliary calculation of the reactor-
power response to various reactivity insert ions. 

Results have been obtained for a severe transient caused by a 
step-function addition of $1.50 reactivity to the reactor when operating at 
a simulated power level of 100 MW. This produces a change in the heat-
generation rate by a factor of 50 in approximately 20 ms and a resulting 
maximum change in fuel tempera ture of approximately 1700°F in 30 ms. 
The resul ts obtained for constant and temperature-dependent values of fuel-
plate mate r ia l s were compared on the basis of actual tempera ture differ
ences and through an est imate of the e r r o r which would resul t in a calcula
tion of feedback reactivity based upon constant thermal proper t ies . These 
comparisons indicate that the maximum e r r o r s incurred due to the use of 
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cons tan t t h e r m a l p r o p e r t i e s a r e l e s s than 6% in m e t a l t e m p e r a t u r e s and 
l e s s than 3% in coolant t e m p e r a t u r e s . The feedback r e a c t i v i t y is l e s s than 
10% of i t s to ta l va lue . It is concluded, on the b a s i s of t h e s e r e s u l t s , tha t 
the u s e of cons tan t t h e r m a l p r o p e r t i e s for f u e l - p l a t e m a t e r i a l s p r o v i d e s 
adequa te a c c u r a c y for t r a n s i e n t - t e m p e r a t u r e c a l c u l a t i o n s . 

2. Component Deve lopment 

a. AARR V e s s e l . It i s g e n e r a l l y b e l i e v e d that the g e o m e t r y ( r ad ius ) 
of the s m a l l fillet at the n o z z l e - s h e l l junc t ion can h a v e a m a j o r inf luence on 
the r e s u l t i n g s t r e s s e s . Unfor tuna te ly , the two m e t h o d s deve loped u n d e r 
P r e s s u r e V e s s e l R e s e a r c h C o m m i t t e e a u s p i c e s by E . O. W a t e r s and 
N. C. Lind and adapted by the ASME Code for the a n a l y s i s of nozz l e con 
n e c t i o n s in s p h e r i c a l she l l s a r e both i ncapab l e of c o n s i d e r i n g the g e o m e t r y 
of the j u n c t u r e in de t a i l . With the aid of S e a l - S h e l l - 2 (Ref. 23) c o m p u t e r 
p r o g r a m , the s t r e s s e s in the outlet nozz le connec t ion c a u s e d by the i n t e r 
na l p r e s s u r e and t h e r m a l loading can now be s tudied in d e t a i l . S e v e r a l 
conf igura t ions of different fillet s i z e , fi l let r a d i u s , and c o r n e r r a d i u s have 
been ana lyzed in an effort to a r r i v e at an o p t i m u m des ign having the l e a s t 
s t r e s s c o n c e n t r a t i o n fac to r . The m o s t f avo rab l e conf igura t ion and a s s o c i 
a ted s t r e s s e s a r e shown in F ig . 20. The c a l c u l a t e d s t r e s s e s a r e a l l below 
the des ign l i m i t s . 

C u r r e n t l y , no c o m p u t e r p r o g r a m is ava i l ab l e for the de ta i l ed 
study of the in le t nozz le connect ion . Howeve r , the s t r e s s e s for a cy l in
d r i c a l she l l having n o z z l e s with z e r o wal l t h i c k n e s s have b e e n ob ta ined 
t h e o r e t i c a l l y byEr ingen .^* F u r t h e r m o r e , an i n t e r e s t i n g fact can be obta ined 
f r o m c o m p a r i s o n of the r e s u l t s of the c y l i n d r i c a l and s p h e r i c a l s h e l l s . F o r 
e x a m p l e , F ig . 21 shows that the m e m b r a n e s t r e s s e s for a s p h e r e a s obtained 
f r o m the S e a l - S h e l l - 2 p r o g r a m a r e a l m o s t i den t i ca l to the m e m b r a n e 
s t r e s s e s along the longi tudinal ax i s of a c y l i n d r i c a l she l l having the s a m e 
^ m / ' - ' m V D ^ T I / T r a t io (dm = m e a n nozz le d i a m e t e r . Dm = m e a n v e s s e l d ia 
m e t e r , T= v e s s e l wal l t h i cknes s ) as obta ined by Er ingen ,^* p rov id ing the 
s t r e s s e s a r e r e d u c e d by the app l i cab le b a s i c va lue . The b a s i c v a l u e s a r e 
2.0 for s p h e r e s and 2.5 for c y l i n d e r s . Since a c y l i n d e r wi th a m e m b r a n e 
c l o s u r e is a l imi t ing ca se for n o z z l e s having f ini te t h i c k n e s s , it i s be l i eved 
that the s a m e r e l a t i o n s h i p can apply to n o z z l e s hav ing f ini te wa l l t h i c k n e s s 
or p e r h a p s even to n o z z l e s having a s m a l l f i l le t . F i g u r e 21 shows tha t for 
a- dm/Dm^Dj-^ /T r a t i o of 1.325, the i n c r e a s e of s t r e s s f r o m a s p h e r i c a l 
she l l to a cy l i nd r i ca l she l l is about 14%. With th i s c o m p a r a t i v e i n f o r m a 
tion the s t r e s s e s in the inlet nozz le connec t ion can be deduced f r o m the 
ca l cu l a t ed s t r e s s va lues in the out le t nozz l e connec t ion . 

" F r i e d r i c h , C. M., S e a l - S h e l l - 2 , A C o m p u t e r P r o g r a m for the S t r e s s e s 
A n a l y s i s of a Thick Shell of Revolu t ion with A x i s y m m e t r i c P r e s s u r e , T e m 
p e r a t u r e , and D i s t r i b u t e d L o a d s , W A P D - T M - 3 9 8 (Dec. 6, 1963). 

^*Eringen, A. C . , Naghd, A. K., and Th i e l , C. C , S ta te of S t r e s s in a C i r c u l a r 
C y l i n d r i c a l Shel l with a C i r c u l a r H o l e , W. R. C. Bul le t in 120 (Jan 1965). 
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25,00Q 

20,000 

Legend 

Sx Longitudinal Stress Primary &. Secondary 
Sn Circumferential Stress Primary & Secondary 
Tx Longitudinal Stress Primary, Secondary & Thermal 
r^ Circumferential Stress Primary, Secondary & Thermal 

Fig. 20. Primary. Secondary, and Thermal Stresses in AARR Reactor Vessel Outlet Nozzle 
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Fig. 21 
Comparison of Increase in Membrane 
Stress in Sphere and Cylinder above 
"Basic Value" ("Basic value" of 
K = 2.5 for cylinder and 2.0 for sphere) 

" • ( V J K / T 

3. Physics Experiments and Analyses 

The program of reactor physics experiments involving an oversized 
Internal Thermal Column (ITC) and an 1173/1347 reactor core loading (see 
Progress Report for July 1966, ANL-7245, p. 48) has continued with mea
surements of "flux" distributions and reactivity effects of voidings in water, 
both in the ITC and in the fuel zone. Also, experiments were performed 
with full-length rectangular columns of beryllium displacing water at the 
axis of the ITC, to measure the effects on the peak thermal-neutron flux 
in the ITC per unit reactor power, and the reactivity coefficient for small 
fractional voidings of the water remaining in the ITC. 

Beryllium is being considered for a variety of uses as a solid 
moderator in part of the ITC, e.g., inserts in s tat ic- irradiat ion tubes in the 
ITC, when these tubes are not intended for use during all or part of a given 
core cycle. Theoretical analysis has predicted that the reactivity coef
ficient of voiding water in the ITC is essentially independent of the radial 
distribution of the pieces of beryllium, and that it depends pr imari ly only 
upon the fraction of ITC water displaced. The experiments were per
formed most conveniently with these columns of beryllium, and the data 
will be compared with values computed for simulations of the experimental 
configurations. Later, measurements will be made with beryllium rings 
at the outer edge of the ITC. 

Radial distributions of U^'^ fission were measured with (a) a 1-in.-
square column and (b) a 2-in.-square column, of beryllium. These mea
surements were taken on a plane 3.2 cm below the core midplane, with 
reactivity control by adjustment of water level in the reactor tank. Table XX 
summarizes the water levels for criticality: 



65 

T A B L E XX. W a t e r L e v e l s C o n t r o l l i n g R e a c t i v i t y 
for the C r i t i c a l s 

Condi t ion of the I T C ^ 
W a t e r L e v e l a t C r i t i c a l i t y 

( c m ) 

100% H2O 
1 - i n . - s q u a r e b lock of Be 
2 - i n . - s q u a r e b lock of Be 

120.72 
120.36 
118.70 

^ T h e s e a r e fu l l - l eng th r e c t a n g u l a r c o l u m n s of b e r y l l i u m , 
c e n t e r e d a t the ax i s of the I T C . 

^ T h e top of the a c t i v e fuel zone n o m i n a l l y is at 132.4 c m . 
T h u s , in e a c h of t h e s e e x p e r i m e n t s , p a r t of the fuel was 
u n c o v e r e d . 

a. E x p e r i m e n t a l . F i g u r e 22 is a p lan view showing the r a d i a l 
l oca t i ons of foi ls for r a d i a l and v e r t i c a l t r a v e r s e s of ac t iv i ty . Note tha t 

ENLARGED INTERNAL THERMAL COLUMN (ITC) 

1-in. AND 2-in. SQUARE 
COLUMNS OF BERYLLIUM 

NOTES: 
1. • FOILS LOCATED 3.2 cm BELOW CORE MIDPLANE 
2. VERTICAL TRAVERSES: O O O A 

Fig. 22. Radial Locations of Bare Foils for Radial and Vertical Traverses 
Qf u235_fission Activity 
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the bounda ry of the o v e r s i z e d ITC is s o m e w h a t i r r e g u l a r b e c a u s e three 
fuel a s s e m b l i e s could not be modi f ied r e a s o n a b l y to r e m o v e p o r t i o n s of 
fuel p l a t e s . 

F i g u r e 23 p r e s e n t s the r a d i a l t r a v e r s e s of b a r e - f o i l U - f i s s i o n 
ac t iv i ty for the two s i z e s of b e r y l l i u m c o l u m n s in the ITC, n o r m a l i z e d to 
foil a c t i v i t i e s in the c o r e away f r o m b o u n d a r i e s . F i g u r e 23 , and the de ta i l 
in F ig . 24, show tha t the b e r y l l i u m p e r t u r b s the t r a v e r s e e s s e n t i a l l y only 
in i t s i m m e d i a t e v ic in i ty . In the b e r y l l i u m itself , the flux ( t r a v e r s e ) i s 
f la t a n d - 5 % (-10%) l o w e r than the peak flux in the 100%-H2O I T C , when a 
1 - i n . - s q u a r e ( 2 - i n . - s q u a r e ) co lumn of b e r y l l i u m is p r e s e n t . 

-n I ^ \ r 
(FOR DETAIL , SEE F I G . 3 ) 

APPROXIMATE 

• TRAVERSE THROUGH H 0 - F I L L E D ITC 
2 

— TRAVERSE THROUGH 1- in . -SQUARE BERYLLIUM COLUMN IN CENTER OF ITC 

X TRAVERSE THROUGH 2 - i n . - S Q U A R E BERYLLIUM COLUMN IN CENTER OF ITC 

20 30 

DISTANCE FROM ITC A X I S . 

Fig. 23. Radial Traverses of u235.fi55jgj, Activity of Bare Foils for the 1173/1347 Uniform 
Loading and the Oversized ITC 
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2 - i n . - S Q U A R E _ 
BERYLLIUM COLUMN 

8(L) t(L) 2(L) 0 2(R) »(R) 

DISTANCE FROM ITC AXIS, cm 

6 ( R ) 

Fig. 24. Detail of Activity Near Axis of ITC (See Fig. 23) 

V e r t i c a l t r a v e r s e s , s i m i l a r to t hose r e p o r t e d ( see P r o g r e s s 
R e p o r t for A p r i l 1966, A N L - 7 2 0 4 , p . 68) for the 1 2 1 5 / l 6 2 0 s y s t e m with the 
s m a l l ITC , h a v e b e e n m a d e . The r a d i a l and v e r t i c a l t r a v e r s e s with the 
100%-H2O ITC do not i nd i ca t e a s u b s t a n t i a l d i f fe rence in the va lues of peak 
flux p e r uni t power in the u n d e r s i z e d and o v e r s i z e d I T C ' s . Much m o r e de 
t a i l ed "flux" m a p p i n g s would be r e q u i r e d to e s t a b l i s h w h e t h e r th i s r a t io 
indeed is s l i gh t ly s m a l l e r in the o v e r s i z e d ITC, as it a p p e a r s to be . T h e s e 
r e s u l t s a r e in a g r e e m e n t wi th t h e o r y . 

The r e a c t i v i t y effects of r e p l a c i n g p a r t of the ITC w a t e r with 
Teflon have b e e n m e a s u r e d for t h r e e d i f fe ren t condi t ions of the ITC: 
(a) 100% w a t e r ; (b) 1 - i n . - s q u a r e c o l u m n of b e r y l l i u m at the ITC a x i s ; and 
(c) 2 - i n . - s q u a r e c o l u m n of b e r y l l i u m . F i g u r e 25 shows the loca t ions of the 
5 c y l i n d e r s and 2 r e c t a n g u l a r c o l u m n s of Teflon u sed . In Case a, above , 
a l l 7 p i e c e s of Teflon w e r e p r e s e n t , for a t o t a l w a t e r d i s p l a c e m e n t of 6.8%. 
F o r C a s e s b and c only the 2 r e c t a n g u l a r c o l u m n s and the two o u t e r m o s t 
r o d s of Tef lon w e r e p r e s e n t . Tab le XXI s u m m a r i z e s the c o m p o s i t i o n s and 
the r e s u l t s . In s i m i l a r e x p e r i m e n t s wi th the s m a l l ITC (no b e r y l l i u m ) , 
only the 5 r o d s of Teflon w e r e u sed . 

As m a y be s e e n f r o m Tab le XXI, the r e a c t i v i t y changes due to 
the s m a l l v o l u m e s of Teflon a r e a l m o s t i ndependen t of the b e r y l l i u m content 
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of the ITC, within the ranges 
studied. The reactivity in
crease was proportional to 
the volume of the Teflon in 
the ITC, i.e., the reactivity 
coefficient of displacing water 
by Teflon, in units of %/ 
(cm^ Teflon), was almost 
constant. 

The average reactivity 
coefficient of displacing water 
by Teflon in the fuel zone has 
been measured to be (-0.136 ± 
0.010) %/(% core water dis
placed), as compared with a 
measured value of (-0.116 ± 
0.010) %/% in the 1215/l620 
loading (small ITC). The 
Teflon strips displaced ap
proximately 1^% of the water 
in the fuel zone. Note that 
one of the constituents of 
Teflon, carbon, is a neutron 
moderator. Thus Teflon is 
almost, but not quite, equiva
lent to a gas void. In the ITC, 
the correction factor is not so 

large as it is in the core. It has been calculated that, taking the carbon con
tent into account, the reactivity coefficient of air void in the water in the 
reactor core is approximately 1.1 times the reactivity coefficient of dis
placement of core water by Teflon. 

LEGEND: 

REGION BORDERED BY DASHED LINE: SMALL ITC ( 5 . 9 - c n i - r a d i u s ) 

REGION BORDERED BY SOLID L INE: OVERSIZED ITC ( 7 . 2 - c m - r a d i u s ) 

Fig. 25. Locations of Full-length Columns of Teflon 
in the Two ITC's 

TABLE XXI. Reac t iv i ty Coefficient of Teflon in the O v e r s i z e d ITC^ 

P l a n A 

B e r y l l i u m 

_ 
6 .4 

25.8 

r e a s (cm^) 

Wate r 
plus 

Teflon 

152.3 
145.9 
126.5 

Teflon 

10.4 
6 .6 
6 .6 

Reac t iv i t y 
Change 

(%) 

0.36 
0.24 
0.24 

R e a c t i v i t y Coeff ic ient 
of Teflon 

[%/(% H2O d i sp laced) ] 

0.053 ± 0 .005^ 
0.054 ± 0.005 
0.047 ± 0.005 

^Numerical values for areas are rounded off. 
"This compares with an average coefficient of (0.040 ± 0.005) %/%, in the 

small ITC. 
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Measurements were made of the reactivity gains due to partial 
air voidings of the 100%-water ITC, with void fractions ranging up to 69.4% 
of the volume of the ITC. These experiments are similar in type to those 
reported ear l ie r for the small ITC. Figure 26 compares these results with 
data for the small ITC. The maximum reactivity gain in partial voidings of 
the ITC is approximately 3%. 

A 7.2-cm-radius ITC (1173/1374 SYSTEM) 

O 5.9-an-raiJius ITC (1215/1620 SYSTEM) 

A-

30 m 60 

PERCENTAGE OF ITC VOIDED 

Fig. 26. Reactivity Effects of Partial Voidings of ITC 

b . T h e o r e t i c a l S t u d i e s . The P r o g r e s s R e p o r t for June 1966, 
A N L - 7 2 3 0 , pp. 5 0 - 5 1 , i nc luded r e m a r k s on a n e u t r o n - w i n d o w conf igura t ion , 
for the r e f e r e n c e AARR, which a p p e a r e d to : (i) r e d u c e the r ad i a t i on d a m a g e 
r a t e , to the r e a c t o r p r e s s u r e v e s s e l , to a c c e p t a b l e l e v e l s , and (ii) s t i l l 
p e r m i t p l a c e m e n t of n e u t r o n d e t e c t o r s for p o w e r - o p e r a t i o n i n s t r u m e n t a t i o n 
ou t s ide the p r e s s u r e v e s s e l . A s u m m a r y of c a l c u l a t i o n s l ead ing to th is 
choice of n e u t r o n window i s p r e s e n t e d in T a b l e s XXII-XXVI. F i g u r e 28, 
b a s e d on Window No. 2 ( s ee T a b l e XXVI), g ives r a d i a l d i s t r i b u t i o n s of the 
t h e r m a l - n e u t r o n flux in a 6 - i n . - t h i c k i n s t r u m e n t - t u b e zone a s a function 
of the m a t e r i a l c o m p o s i t i o n of tha t zone . C l e a r l y , c o m p o s i t i o n s with m i n i 
m u m w a t e r v o l u m e a r e m o s t f a v o r a b l e for u s e b e c a u s e s m a l l t h i c k n e s s e s 
of w a t e r a r e effect ive in a t t enua t ing the s o u r c e n e u t r o n s in the i n s t r u m e n t -
tube zone . 
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TABLE XXII. Region Configuration for Neutron-window Calcula t ions 

Thickness 
of 

Region 
(cm) 

10.1 

17.0 

5 .6 

Outer Radius 
of 

Region 
(cm) 

10.1 

27.1 

32.7 

Composit ion 
Region of 
Number Region 

1 Fuel zone 

2 Fuel zone 

3 10% HjO 
90% Be 

4 7% H2O 12.2 44.9 
81% Be 

5% Al 
7%o void 

5 5% H2O 12.7 57.6 
79% Be 

5.6% Al 
10.4% void 

6: Window 67.3 124.9 
6a, 6b, etc . 

P r e s s u r e ves se l 11.4^ 136.3 
(4iin.) 

Zone beyond ves se l 
8a, 8b, etc . 

^This th ickness was not invariant during the ca lcula t ions , because of eng ineer ing-
design changes. 

TABLE XXIII. Aluminum Window with Var ious P e r c e n t a g e s of H2O (No steel) 

Neutron 

N o . 

I 
2 

3 
4 

5 
6 

7 
8 

Energy Group 

Energy Range 
(MeV) 

6.065-10 
3.679-6.065 
2.231-3.679 
1.353-2.231 

0.8208-1.353 
0.3876-0.8208 
0.1830-0.3876 

0.06733-0.1830 

No H2O 

2.2 X 10' 
1.4 X 10' 
2.6 X 10' 
7.7 X 10' 
1.7 X 10° 
1.1 X 10' 
1.9 X 10' 
3.6 X 10' 

Neutron Flux at In 
of P r e s s u r e Vesse 

(n - cm/cm^ 

4% HjO 

2.0 X 10' 
1.2 X 10' 
2.1 X 10' 
5.0 X 10' 
8.7 X 10' 
3.5 X 10° 
4.1 X 10° 
5.4 X 10° 

side Surface 
1 (100 MWt) 

- sec) 

6% HjO 

1.9 X 10' 
1.2 X 10' 
2.0 X 10' 
4.2 X 10' 
6.7 X 10' 
2.2 X 10° 
2.3 X 10° 
2.9 X 10* 

8% H2O 

1.8 X 10' 
1.1 X 10' 
1.8 X 10' 
3.5 X 10' 
5.4 X 10' 
1.5 X 10' 
1.5 X 10° 
1.7 X 10° 

Relative T h e r m a l - n e u t r o n Flux at Outside Surface 
of P r e s s u r e Vesse l , Normal ized to Unity for Case 

of Full Aluminum Window^ 

31 0-0.076 eV 1 0.79 0.27 0.11 

For case of full a luminum window {no HgO), computed absolute value of t h e r m a l -
neutron flux at outside surface of ves se l is 6.3 x 10 '̂* n - c m / c m ^ - s e c . 
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TABLE XXIV. Aluminum Window Containing Zones of Steel (Iron)* 

Neut ron 

N o . 

1 

2 

3 

4 

5 

6 

7 

8 

E n e r g y Group 

E n e r g y Range 
(MeV) 

6 .065-10 
3 .679-6 .065 
2 .231-3 .679 
1.353-2.231 

0 .8208-1 .353 
0 .3876-0 .8208 
0 .1830-0 .3876 

0 .06733-0 .1830 

No Steel 

2.0 X 10' 
1.2 X 10' 
2.1 X 10' 
5.0 X 10' 
8.7 X 10' 
3.5 X 10' 
4.1 X 10° 
5.4 X 10' 

Neu t ron F lux a t In 
of P r e s s u r e V e s s e 

( n - c m / c m ^ -

2 in. Steel 

1.2 X 10' 
6.9 X lO' 
1.2 X 10' 
3.0 X 10' 
5.8 X 10' 
2.7 X 10' 
3.3 X 10° 
4.6 X 10° 

^ide Surface 
1 (100 MWt) 
sec) 

4 in. Steel 

7.1 X lO' 
4.0 X 10' 
6.7 X lO' 
1.9 X 10' 
4.1 X 10' 
2.3 X 10° 
2.9 X 10° 
4.1 X 10" 

8 in. Steel 

2.5 X 10' 
1.3 X lO' 
2.4 X 10' 
8.7 X lO' 
2.3 X 10' 
1.9 X 10' 
2.5 X 10° 
3.3 X 10° 

Relative Thermal-neutron Flux at Outside Surface 
of Pressure Vessel, Normalized to Unity for Case 

of No Steel in Window 

31 0-0.076 eV 1 0.52 

^Each subregion of the window region contained 4% HjO by volume. 
For case of no steel zone in aluminum window, computed absolute value of thermal-neutron flux at 
outside surface of vessel is 5.0 x lO"* n-cm/cm^-sec. 

TABLE XXV. Region Configuration for Aluminum-window Calculations with 
Various Detector-zone Compositions (See Fig. 28) 

Region 
Number 

6 a 

6 b 

6 c 

7 

8 a 

8 b 

8 r : 

[48] 

Compos i t i on 
of 

Region 

96% Al 
4% H2„ 

96% F e 
4% H2O 

96% Al 
4% H2O 

P r e s s u r e 
V e s s e l 

H 2 O 

P b 

H2O 

T h i c k n e s s 
of 

Region 
(cm) 

20.3 

5 . 1 

41.9 

11.4 

0.64 

6.35 

Region 
Number 

% 
8 c : 

[52] 

[53] 

[54] 

[55] 

8d 

Composi t ion 
of 

Region 

50% void 
25% Al 
2 5% H2O 

50% void 
40% Be 
10% H2O 

50% void 
40% Al 
10% HjO 

90% void 
10% H2O 

H2O 

Thickness 
of 

Region 
(cm) 

15.2 

45.7 
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TABLE XXVI, Comparisons of High-energy Neutron Fiuxes at the Inside Surface o( the 
AARR Pressure Vessei (8-ft-ID Vessei; lOOMWtl 

Neutron Flux Group 

Energy Range 
No. (MeVl 

1 6.065-10 
2 3.679-6.065 
3 2.231-3.679 
i 1.353-2.231 
5 0.821-1353 
6 0,388-0 821 
7 0.183-0,388 
8 0.0673-0.183 

Window 
No. 1^ 

Z.O X lO' 
1,2 X lO' 
2,1 xlO^ 
5,0 X 10' 
8.7 X l o ; 
3.5 X 10^ 
U X W 
5.4 X 10^ 

Neutron Flux 

Window 
No. 2^ 

lEarlier Reference! 

1.2 x i o ' 
6,9 x # 
1.2 X lO' 
3,0 X10^ 
5.8 X lO' 
2.7 X I08 
3.3 X 108 
4,6 X 10^ 

(n-cm/cm -seel 

New 

Window^ 
(No 3) 

2,5 X # 
1,3 X 10^ 
2,4 X 10^ 
8.7 X10^ 
2,3x10^ 
l ,9x l08 
2,5 x 108 
3,3 X108 

Window 
(All Water) 

5.0 X 10* 
3,5 X Vfi 
2,9 X 10* 
2,6 X10^ 
2.5 X ]06 
4.0 X \Cfi 
2.7 X # 
2,5 X Vfi 

Note. These summaries of neutron flux at the inside surface of ttie pressure vessel are not entirely consistent. They 
are based upon calculations performed over a total period of roughly 9 monlhs, during which lime the reference thick
ness of the pressure vessel was changed and the compositions of the regions outside the pressure vessel were altered. 
However, these variations are higher-order effects, and the results are sufficiently close to consistency to provide valid 
and useful comparisons, 

^Window No, 1 consists o( a zone of aluminum with 4 v/o H2O. filling the space twtween the beryllium reflector and the 
pressure vessel. For this case, it has been calculated that 10 yr at 100 IMWt would irradiate the inside surface 0' the 
pressure vessel to 1,8 x 10^' RDU, based on the methods of Rossin." 

^Window No, 2 consists of: 8 in. aluminum with 4 v/o H2O; then 2 in, SS with i% H?0: then 16-1/2 in, aluminum with 
a% H20. 

'̂ Window No. 3 consists of: 8 in. of aluminum shroud (4% water): 8 in, of SS (4% water); 10-1/2 in, of aluminum 
14% waterl. 

(•Actually, there will be a thin steel thermal shield inside the pressure vessel, and this will degrade the neutrons 

further. The neutron fluxes listed here do not include the effects ot this shield, 

•Rossin, A. D., ANL-6826 (March 1%4I. 

lie 

52 

53 

54 

55 

% METAL 

-
25 At 

W Be 

W AL 

-

% H 0 

100 

25 

10 

10 

10 

% VOID 

-
50 

50 

50 

90 

OIST«KCE BEVOKD OUTES SURFACE OF A4RR PRESSURE VESSEL. 

Fig. 27. Radial Distribution of Thermal-neutron Flux outside AARR Pressure 
Vessel as Function of Material Composition of Instrument-tube 
Zone (Earlier Neutron Window; 100 MWt) 
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IV. NUCLEAR SAFETY 

A. Research and Development 

1. Coolant Dynamics 

a- Coolant (Water) Expulsion Studies. Work is continuing on the 
reduction of the height versus time data obtained from high-speed motion 
pictures of the expulsion process . 

Possible analytical models of expulsion are being explored in 
te rms of the water data and the anticipated behavior of sodium. It appears 
that a model for the highly subcooled situation is exceedingly complex; 
thus, initial emphasis will be on initially saturated liquid. 

b. Superheat Experiments . Assembly of the initial superheat ex
periment is complete. The system instrumentation is still being checked 
out. The dump tank has been filled with sodium and the final check-out of 
the system is forthcoming. 

c. Sodium Expulsion Experiment. Fabrication of some of the com
ponents to be used in this experiment are complete, and the building of some 
of the instrumentation is underway. 

d. Cri t ical Flow Studies. The construction of apparatus to study 
crit ical flow of different fluids is continuing. The boiler and blow-down 
vessel for the sodium loop have been installed, and the two test sections 
are being fabricated. The instrumentation to be used for measuring p res 
sure and flow rate is tindergoing shakedown tes t s . 

Analytical efforts a re being carr ied out simultaneously with 
the experin-iental program to achieve a better understanding of the crit ical 
phenomenon and to obtain better methods for evaluating crit ical flow ra tes . 

The efforts associated with the high-quality region (droplet-
dispersed flow) have led to an analytical solution for predicting the cri t ical 
flow rate , which shows excellent agreement with existing data. The solution 
is briefly i l lustrated below. 

If one-dimensional droplet flow is asstimed, the equations of 
continuity and momentum writ ten for a differential element at the point of 
choking are 

g-[pgaug + p^(l - a ) u^] = 0; (1) 

| ^ [ p g a u | + p ^ ( l - a ) u ^ ] + | ^ = 0, (2) 
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w h e r e 

a. = void f r ac t ion ; 

p , p» = dens i t y of v a p o r and l iquid; 

P = p r e s s u r e ; 

Ug,u« = a v e r a g e ve loc i ty of the v a p o r and l iquid; 

y = l eng th of d i f f e ren t i a l e l e m e n t . 

A c o n s i d e r a t i o n of r e l a x a t i o n p h e n o m e n a tha t r e s u l t s f r o m t e m p e r a t u r e 
and ve loc i t y l ags be tween the p h a s e s in the a p p r o a c h r e g i o n to c r i t i c a l 
flow l eads to the following cond i t ions : 

S P " • a P " • d P " K P ' 

w h e r e 

X = qua l i ty ; 

K = i s e n t r o p i c coeff ic ient for v a p o r (K = 1.32 for w a t e r v a p o r ) . 

Solut ion of E q s . (1) and (2), sa t i s fy ing the above c o n d i t i o n s , 
l eads to the following so lu t ion for t he c r i t i c a l flow r a t e : 

G ' = K g ^ P a p g / x ^ (3) 

It i s i m p o r t a n t to note that for low p r e s s u r e s and h igh q u a l i t i e s , a a 1.0. In 
th i s c a s e , no i n f o r m a t i o n is r e q u i r e d about t he s l i p b e t w e e n the l iqu id and 
vapo r p h a s e in o r d e r to c a l c u l a t e the c r i t i c a l flow r a t e f r o m Eq . (3). 

C a l c u l a t e d va lue s f rom Eq. (3) a r e d i s p l a y e d in F i g . 28 and 
show e x c e l l e n t a g r e e m e n t wi th ex i s t ing da ta in t he h igh qua l i t y r e g i o n 
( d i s p e r s e d flow). (G j jg j ^ is the flow r a t e p r e d i c t e d f r o m the w e l l - k n o w n 
h o m o g e n e o u s t h e r m a l e q u i l i b r i u m m o d e l . ) A l s o shown in F i g . 28 is t he 
r a n g e of p r e d i c t e d va lues f ro in p r e v i o u s m o d e l s pub l i shed in t he 
l i t e r a t u r e . ^ * " " 

^^Zaloudek, F . R., HW-68934 (1961). 
^^Fauske , H. K., P r o c . of Hea t T r a n s f e r and F l u i d M e c h . Ins t . , S t an fo rd 

U n i v e r s i t y P r e s s , 1961. 
^^Levy, S., J o u r n a l of Hea t T r a n s f e r , T r a n s . ASME, S e r i e s C, 8^, 53, 1965. 
^ 'Moody, F . J . , J o u r n a l of Hea t T r a n s f e r , T r a n s . ASME, S e r i e s C, 82, 

134, 1965. 
^^Cruver , J . E . , and Moul ton , R. W., P r e p r i n t 29e, AIChE 55th N a t i o n a l 

M e e t i n g , Hous ton , T e x a s , 1965. 
" K l i n g e b i e l , W. J . , P h . D . T h e s i s , U n i v e r s i t y of Wash ing ton , 1964. 
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.̂ ^ 

1 1 1 1 1 

THEORETICAL CALC. 

-

^ j ^ _ ^ y— PREVIOUS MODELS 

^^^^^^>^^!^"*^=="^=-^~-_ 

0 . * 0.6 0.6 0.7 0.8 0.9 1.0 

QUALITY, X 

Fig. 28. Comparison between Calculated and Experimental 
Critical Flow Rates for Steam-Water Mixtures 

In T a b l e XXVII, c a l c u l a t e d va lues f r o m Eq. (3) a r e c o m p a r e d 
wi th t he m o s t r e c e n t da ta a v a i l a b l e in the l i t e r a t u r e . " As i l l u s t r a t e d , the 
devia t ion b e t w e e n e x p e r i m e n t a l and c a l c u l a t e d va lues is l e s s than ±6%. A 
de ta i l ed d e s c r i p t i o n of t h i s a n a l y s i s is u n d e r p r e p a r a t i o n , 

T A B L E XXVII. C o m p a r i s o n be tween E x p e r i m e n t a l 
and C a l c u l a t e d C r i t i c a l F low R a t e s 

P e r 

52.67 
32.11 
41.93 
52.43 
33.62 
30.73 
50,82 
30,17 
49.68 
29.95 
48.0 
30.9 

2. Fue 

E x p e r i m e n t a l D a t a " 

1 M 

a. 

X 

0.6222 
0.5255 
0.5193 
0.5103 
0.9690 
0.6160 
0.7128 
0.7170 
0.8089 
0.8145 
0.9625 
0.723 

e l tdown S tud ie s in 

I r r a d i a t e d Oxide , 

G 

307.68 
227.68 
296.51 
369.31 
143.16 
196.25 
281.77 
170.82 
249.68 
151.67 
198.76 
167.03 

T R E A T 

F a s t R e a c t o r 

c 

- type 

G 

320.0 
234.0 
307.0 
386.0 
135.0 
192.0 
271.0 
163.0 
235.0 
143.0 
190.0 
165.0 

, F u e l P i n s . 

(%) 

+ 3.9 
+ 2.6 
+ 3.4 
+4,6 
-5 .6 
-2 .0 
-3 .9 
-4 .0 
-5 .8 
-5 .9 
-4 .5 
-1 .2 

Ha l f - l eng th , 
E B R - I I M a r k - I s i z e , s t a i n l e s s s t e e l - c l a d , g a s - b o n d e d fuel p ins i r r a d i a t e d 
to n o m i n a l v a l u e s of 0.7 a / o and 3 a / o b u r n u p have b e e n s tud ied in T R E A T 
e x p e r i m e n t s ( s ee P r o g r e s s R e p o r t for Ju ly 1966, A N L - 7 2 4 5 , pp. 60-61) , 
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Six additional pins from the same batch have been received after steady-
state irradiation in MTR to a nominal burnup of 6 a /o . These pins have 
been removed from their capsules and inspected visually. Dimension 
checks have been made. All appear to be in excellent condition. Speci
mens for radiochemical burnup analyses have been taken from, the monitor 
wires wrapped around the pins, and the pins a re being prepared for neutron 
radiography at the Juggernaut reactor to check the internal condition of the 
fuel, 

b. Convective Heat and Mass Transfer with Phase Changes. Study 
continues on the subject of convective heat and mass t ransfer with change 
of phase (see P rogres s Report for June 1966, ANL-7230, p. 64). The s imi
larity transformations considered were found to give solutions inapplicable 
for problems within channels, but may be of some use to describe the en
trance region for "starting" the problem. 

Two effects are fovind to be important: the Stephan-Nusselt 
effect or the effect of mass transfer on mass t ransfer via a velocity cona-
ponent normal to the channel wall, and an effect from the change in density, 
due to the phase change, which affects the rate of motion of the phase bound
ary. One or both of these effects have been neglected in previous related 
studies. 

The problem has been reformulated using an integral approach 
often referred to as the von Karman-Poulhausen integral method. This 
technique leads to a set of six coupled nonlinear f i r s t -o rder ordinary dif
ferential equations. These equations a re being checked to see if they r e 
duce properly to cases without mass t ransfer or without phase change to 
assure that they have been correct ly derived. Some approximate analytical 
solutions a re being sought to guide the eventual computer studies. 

Since the integral approach results in an approximate solution, 
consideration is being given to e r r o r es t imates , and a comparison of re 
sults may be made to a direct numerical solution of the basic nondimen-
sional equations. 

c. TREAT Loop Experiment Run Short of Gross Sample Fai lure . 
A single EBR-II-type pin was run within a cluster of six dummy pins inside 
a Mark-I integral sodium loop, short of the threshold of gross failure in 
TREAT Test No. Tr-985. This tes t was run prior to the high-specific-
energy pin experiment Tr-1007. In Table XXVIII exposure conditions of 
Tr-985 can be compared with those of Tr-1007. Both pins were run with 
power shaped axially to approximate a "chopped cosine" shape. 

There was no external evidence of pin damage except for the 
usual spiral warpage. The cladding surface was smooth and mic romete r 
readings did not reveal any diameter growth. 
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TABLE XXVIII. Tr-985 and Tr-1007 Conditions 

r No. 

985 
1007 

Initial 
Reactor 
Per iod 

(sec) 

0.09 
0.075 

Maximum Fuel 
Power Density 

(at axial midplane 
(kW/cc) 

36.1 
76.0 

Power Density in Fuel Initial 
Integrated to Time of Sodium 
Max Reactor Power Flow 
(at axial midplane) Rate 

(kW-sec/cc) (cm/sec) 

7,4 370 
13.2 400 

Upon removal of the cladding, however, it could be seen that 
the fuel pin, which initially was 360 cm in length, was severely damaged 
and that considerable amounts of eutectic alloy had been formed between 
the fuel and inner cladding surface. The region of worst damage extended 
from the approximate center up to the top end of the fuel pin, and contained 
areas of spalling and heavy eutectic forination. There was also a severely 
melted a rea start ing from about 20 cm from the bottom of this pin and ex
tending up to the upper, or r es t ra ine r , end. The top cm of the fuel pin was 
separated from the res t and was hollowed out. Its upper end showed the 
imprint of the r e s t r a ine r bottom. No fuel was found above the res t ra iner 
knob. 

Some of the more interesting areas a re shown in the i l lustra
tions, their relative positions (in inches) being indicated by the ruler in the 
photographs. 

No appreciable attack of the clad(Jing by eutectic formation was 
noted in this visual inspection, indicating penetration of the steel jacket by 
at most a few thousandths of a cm. 

Calculations were made for this experiment by the methods 
described for Tr-1007 (see P rog re s s Report for July 1966, ANL-7245, 
pp. 61-64). Although the calculated maximum fuel-cladding interface tem
perature was grea ter by about 150°C than the empirical failure threshold 
of ~1000°C determined for failure by cladding penetration in stagnant so
dium meltdown experiment on these pins,^° calculated internal pressures 
were not sufficient to cause failure. By means of the calculated curve of 
interface tempera ture versus t ime and penetrat ion-rate data, an upper-
limit est imate was made that maximum cladding penetration was somewhat 
less than 0.008 cm, which shows eutectic formation to be insufficient to 
cause penetration of the 0.022-cm-thick cladding. Calculated maximum 
cladding the rma l s t r e s s exceeded the maximum tensile strength of the 
cladding, but not by the excessive amiount calculated for Tr-1007. 

^"Dickerman, C. E., et ai., Nucl. Sci, and Eng. l^, 319 (1964). 
^'Walter, C , and Kelman, L., J. Nucl, Mat, 6, 281 (1962). 
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Thus this analysis predicts rrtore severe resul ts than observed, 
in that no cladding deformation was observed. The principal discrepancy 
is that the empirical failure threshold established for pins run in a stagnant 
sodium environment is not in agreement with the above resul ts , suggestmg 
that the continued forced cooling of the cladding by flowing coolant t e r m i 
nates penetration early, in the manner indicated by the calculations. 

d. Analysis of Motions Occurring during a Loop Meltdown Experi
ment by Means of the Fast-neutron Hodoscope. The fast-neutron hodoscope, 
designed to provide a means of observing fuel motion inside TREAT test 
loops during a meltdown experiment, was operated for the high-specific-
energy meltdown experiment performed with an EBR-II-type soditim-bonded, 
steel-clad pin surrounded by a ring of six dummy pins inside the Mark-I 
integral sodium loop. Postexperiment calculations performed on this ex
periment (TREAT Tr-1007) were reported last month (see ANL-7245, 
pp. 61-64). This experiment marked the first t ime that the hodoscope had 
been used to follow results of a loop meltdown experiment producing sig
nificant motions. The hodoscope results appear to corre la te well with other 
data and to provide additional information on the course of the experiment. 

Timing on the visicorder chart used to obtain a t ransient record 
of coolant temperature , p ressure , tes t-sect ion inlet flow, and reactor power, 
was checked against the NIXIE time clock used to record t ime on the film 
recording of hodoscope output. Times of peak reactor power agreed within 
0.002 sec, which is within the uncertainty in reading the vis icorder t r aces . 

Figure 29 depicts the relative count rates from the different 
hodoscope positions for selected times during the experiment. At the left 
of the figure is a grid showing solid block rectangles at the hodoscope 
locations equipped with detectors. Subsequent sections of the figure show 
hodoscope data corrected for channel efficiency and normalized for changes 
in reactor power level so that a r rays from different t imes can be compared 
visually, directly. By the time of frame 3.996 (i.e., the frame corresponding 
to 3.996 sec), ho"wever, the reactor power had become so low that no fuel 
pattern is discernable above the "background" of displaced fuel and surround
ing mater ia ls . 

The first indication of movement is seen in the frame at t ime 
3.641 sec, where lowering of count rates suggests fuel displacement in the 
uppermost section of the fuel. The first indication of failure occurs in 
frame 3.682 (occurring 0.041 sec later) , "which sho'ws a relative decrease 
in count rates adjacent to but not including the fuel. This could be caused 
by void formation in the sodium, which would decrease the "backgrotuid" 
produced by neutrons scat tered by the sodium. In conjunction with this , 
possible fuel movement from the main body of fuel is apparent. The ver 
tical position of the possible sodium voiding is in the region 1 7 to 25 cm 
from the top, whereas fuel displacement is in three distinct a r ea s : 14 to 
15 cm from the top, 21,5 to 24 cm from the top, and at the bottom of the 
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fuel s e c t i o n . At 3,678 s e c a s e v e r e d r o p in f l o w m e t e r output c o r r e s p o n d 
ing to change in in le t ve loc i t y f rom 370 c m / s e c to -110 c m / s e c o c c u r r e d 
wi th in about 0.005 s e c . Th i s a b r u p t flow b lockage and p a r t i c a l expuls ion 
of s o d i u m is t hus in good a g r e e m e n t wi th the hodoscope o b s e r v a t i o n . In 
addi t ion , a s h a r p p r e s s u r e sp ike w a s r e c o r d e d on the p r e s s u r e t r a n s d u c e r 
at the in l e t to t he t e s t s e c t i o n at 3.68 s e c . 

I Fairly high certainty of fuel [] Some uncertainty of fuel 

P Na vapor wi th lesser degree of cer ta in ty H Bockground 

|Na vapor w i th high degree of certointy 

Fig. 29. A Hodoscope Record Taken of an EBR-II-type Sodium-bonded Steel-clad Fuel Pin Undergoing 
a High-specific-energy Meltdown Experiment (TREAT Tr-1007). The figures, taken about 
25 ms apart, show the relative count rates obtained from the different detector positions. 
At the left of the figures is a grid of solid block rectangles showing the locations of the 
detectors in the hodoscope. 

The next d i s p l a y of voiding in the fuel pin o c c u r s at t i m e 3.870. 
This i s fol lowed by add i t i ona l fuel m o v e m e n t , no tab ly in an upward d i r e c 
t ion as r e c o r d e d in f r a m e 3.899. The t e r m i n a t i o n of s o d i u m voiding as in 
f r a m e s 3.899 and 3.924, t o g e t h e r wi th t he s p r e a d i n g out of fuel, t end to i m 
ply a m a s s i v e d i s i n t e g r a t i o n of the c e n t r a l p a r t of the fuel pin, with the fuel 
d e b r i s c o n c e n t r a t e d a r o u n d the c e n t r a l p o r t i o n in an a l m o s t e l l i p so ida l d i s 
t r i b u t i o n ( s ee f r a m e 3.971). Af te r t he i n i t i a l f l o w m e t e r d r o p , e r r a t i c r e 
c o v e r y o c c u r r e d , t e r m i n a t i n g at 3.865 s e c when, w i th flow of about 340 c m / 
s ec the flow d e c r e a s e d aga in , r e a c h i n g ~200 c m / s e c a t 3.910 s e c . At 
3.910 s ec a s e v e r e flow r e v e r s a l took p l a c e , w i th an i n s t a n t a n e o u s flow 
—1600 c m / s e c o c c u r r i n g wi th in a few m i l l i s e c o n d s . (This flow anomaly 
was a l s o a c c o m p a n i e d by a s i m u l t a n e o u s p r e s s u r e sp ike on the p r e s s u r e 
t r a n s d u c e r at t he t e s t s e c t i o n in le t . ) T o g e t h e r , t h e s e da ta ind ica te a col
l a p s e of s o d i u m l iquid on fuel tha t had b e e n i n s u l a t e d f r o m coolant , and 
m a s s i v e d i s i n t e g r a t i o n of t he fuel , a c c o m p a n i e d by s h a r p sodit im expuls ion 
f r o m the r e g i o n of f a i l u r e . 
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After th is point , only one m a j o r f e a t u r e i s c l e a r l y i n d i c a t e d by 
the hodoscope r e c o r d : r e t e n t i o n of s o m e fuel in the a r e a of the lower p a r t 
of the t e s t pin. In sp i t e of the v io l ence of the d i s p e r s a l , l o w - d e n s i t y fuel 
was found in the bo t t om 6 - c m po r t i on of wha t had b e e n the fuel c l add ing . 

3 . Safety R e l a t e d P r o p e r t i e s of M a t e r i a l s 

a. S tudies of Mol ten P e n e t r a t i o n . The s t u d i e s of the p e n e t r a t i o n 
of V-20 w / o Ti by m o l t e n U-15 w / o P u - 6 . 5 w / o T i a l loy a r e usefu l in f a s t -

r e a c t o r sa fe ty a n a l y s e s . T h i s c o m 
bina t ion of fuel and c ladd ing i s an 
a l t e r n a t e to the s y s t e m of U-1 5 w/o P u -
10 w / o Z r and Type 304 s t a i n l e s s 
s t e e l p r e v i o u s l y r e p o r t e d ( see 
P r o g r e s s R e p o r t for J u n e 1966, 
A N L - 7 2 3 0 , pp. 5 9 - 6 0 ) . The a v e r a g e 
p e n e t r a t i o n r a t e i n c r e a s e s f r o m 
about 0.02 m m / s e c a t 13 00°C to 
0.45 m m / s e c a t 1450°C. F i g u r e 30 
shows the p r o b a b l e c u r v e d e s c r i b i n g 
the v a r i a t i o n of p e n e t r a t i o n r a t e 
with t e m p e r a t u r e . T h r e e wal l t h i ck 
n e s s e s w e r e u s e d in the t e s t s , but 
no def ini te t r e n d in p e n e t r a t i o n r a t e 
wi th wal l t h i c k n e s s was e s t a b l i s h e d . 

The c r o s s s e c t i o n of a fa i led 
s p e c i m e n was s tud i ed by e l e c t r o n 
m i c r o p r o b e a n a l y s i s . S o m e of the 
m o l t e n m e t a l a d h e r e d to the so l id 
s p e c i m e n , as sho"wn in F i g . 31 . 
Tab le XXIX l i s t s the c o m p o s i t i o n s 
of eight a r e a s ident i f ied by n u m e r a l s 
one t h r o u g h eight in F i g . 31 , wh ich 
is a s k e t c h of the e l e c t r o n c u r r e n t 

i m a g e of the c r o s s sec t ion . A r e a 1 is unaffected c ladd ing ; a r e a 2 is c l ad 
ding p e n e t r a t e d in the so l id s t a t e for a d i s t a n c e of about 4 0 ^ ; a r e a 3 is 
l iquid fuel conta in ing s o m e d i s s o l v e d c ladding; a r e a 4 is a n u c l e u s of a 
V-20 w / o Ti g r a in p e n e t r a t e d by u r a n i u m and p lu ton ium; a r e a 5 is a l iquid 
fuel s i m i l a r to a r e a 3; a r e a s 6 and 7 a r e e s s e n t i a l l y n u c l e i of the c ladd ing 
i n t e r s p e r s e d wi th the m o l t e n fuel a r e a 8, but wi th a l l r e g i o n s showing 
in te rd i f fus ion . 
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Fig. 30. Penetration Rate of V-20 w/o Ti Tubes 
by U-15 w/o Pu-6.5 w/o Ti Alloy 

At 1350°C the r a n g e of so l id diffusion p e n e t r a t i o n ( a r e a 2) i s 
about an o r d e r of m a g n i t u d e l e s s in the (V-20 w / o T i ) / ( U - 1 5 w / o P u -
6.5 w / o Ti) than in (Type 304 s t a i n l e s s s t e e l ) / ( U - 1 5 w / o P u - 1 0 w / o Z r ) . 



H o w e v e r , the o v e r a l l r a t e of p e n e t r a t i o n i n c r e a s e s m u c h m o r e r ap id ly 
above 1350°C in the (V-20 w / o T i ) / ( U - 1 5 w / o P u - 6 . 5 w / o Ti) s y s t e m . 

UNAFFECTED V-IO T, CLADDING 

7 &OLID PENETRATION CLADDING 

] LIQUID FUEL AND DISSOLVED CLADDING 

QUID FUEL AND DISSOLVED CLADDING 

MOLTEN FUEL 

Fig. 31. Schematic of the V-20 w/o Ti Specimen Penetrated 
by U-15 w/o Pu-6.5 w/o Ti Alloy at 1350°C 

T A B L E XXIX. C o m p o s i t i o n s of P h a s e s (w/o) D e t e r m i n e d by 
M i c r o p r o b e I n t e n s i t y R a t i o s in a Couple : V-20 w / o Ti 

a g a i n s t Mol t en U-15 w / o P u - 6 . 5 w / o Ti Al loy 

E l e c t r o n V e r y , 
C u r r e n t I m a g e D a r k D a r k Ligh t D a r k Light D a r k G r e y Light 

E l e m e n t 

Ti 
V 
U 
P u 

1.6 
9.3 
0 
0 

22.0 
46 .1 
21.5 

1.7 

11.5 
6.2 

69.9 
8.8 

22.4 
39.0 
28.0 

2.2 

3.9 
3.5 

73.3 

19.1 

20.5 
39.0 
25.2 

2.9 

16.3 

21.9 
54.3 

5.5 

5.3 
3.2 

74.0 
14.5 

Tota l P e r c e n t a g e s 100.9 91.3 96.4 91.6 98.8 87.6 98.0 97.0 

B. T R E A T O p e r a t i o n s 

Two m e t a l - w a t e r r e a c t i o n , p h o t o g r a p h i c s e r i e s (CEN 221T and 222T) 
e x p e r i m e n t s w e r e r u n . One s t a i n l e s s s t e e l - c l a d and one Z i r c a l o y - c l a d , UOj 
fuel pin in a m b i e n t t e m p e r a t u r e w a t e r w e r e u t i l i z ed . The f i lm of the s t a in 
l e s s s t e e l - p i n r e a c t i o n has been p r o c e s s e d ; h i g h - q u a l i t y pho tog raphs w e r e 
ob ta ined . 
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The l a s t of the S E F O R e x p e r i m e n t s , 4 . I E , w a s f in i shed . T h i s e x 
p e r i m e n t was d e s i g n e d to e v a l u a t e t h e r m o c o u p l e d e s i g n s and f u e l - p e l l e t 
d e s i g n s . The c a p s u l e h a s been r e t u r n e d to G E - S a n J o s e for e x a m i n a t i o n . 

C. C h e m i c a l and A s s o c i a t e d E n e r g y P r o b l e m s ( T h e r m a l ) 

1. M e t a l - W a t e r R e a c t i o n s 

a. S tud ies of M e t a l - W a t e r R e a c t i o n s by the L a s e r H e a t i n g M e t h o d . 
F u n d a m e n t a l s t u d i e s of m e t a l - w a t e r and m e t a l - s t e a m r e a c t i o n s a r e r e 
q u i r e d to d e t e r m i n e t he n a t u r e and ex ten t of r e a c t i o n s t h a t m i g h t o c c u r b e 
tween the m e t a l s of a w a t e r - c o o l e d r e a c t o r and the w a t e r in the even t of a 
r e a c t o r a c c i d e n t . The r e a c t i o n s of a l u m i n u m wi th w a t e r a r e of p a r t i c u l a r 
i n t e r e s t b e c a u s e of the l a r g e n u m b e r of r e a c t o r s wh ich u s e a l u m i n u m - b a s e 
a l loys as t he fuel m a t r i x , c l add ing , o r s t r u c t u r a l m a t e r i a l . 

The r e a c t i o n s of a l u m i n u m wi th w a t e r and s t e a m h a v e been 
s tud i ed by s e v e r a l m e t h o d s . I n - p i l e e x c u r s i o n s t u d i e s con t inue t o be c a r 
r i e d out in T R E A T ( see P r o g r e s s R e p o r t for M a y 1966, A N L - 7 2 1 9 , p, 83), 
The p r e s s u r e - p u l s e m e t h o d and the l e v i t a t i o n - h e a t i n g m e t h o d h a v e a l s o 
b e e n e m p l o y e d in i s o t h e r m a l r a t e s t u d i e s of t he a l u m i n u m - w a t e r r e a c t i o n 
( see P r o g r e s s R e p o r t for M a y 1964, A N L - 6 9 0 4 , pp, 102-103) , A n o t h e r 
i s o t h e r m a l m e t h o d u t i l i z ed a h i g h - p r e s s u r e f u r n a c e ' ^ wh ich a l l o w e d the 
a l u m i n u m - s t e a m r e a c t i o n to be s tud ied ove r a wide r a n g e of s t e a m p r e s 
s u r e s (1 to 8 a t m ) . A unique n o n i s o t h e r m a l m e t h o d was one in which 
a l u m i n u m p a r t i c l e s s u b m e r g e d in w a t e r w e r e r a p i d l y h e a t e d by a l a s e r 
b e a m . T h i s m e t h o d a l lowed the s i m u l a t i o n of t he cond i t ion t h a t would e x i s t 
if m e t a l p a r t i c l e s at h igh t e m p e r a t u r e s w e r e s u d d e n l y i n t r o d u c e d in to w a t e r , 
a s they m i g h t be in the c a s e of a n u c l e a r e x c u r s i o n . 

The e x p e r i m e n t a l w o r k wi th the l a s e r - b e a m m e t h o d h a s b e e n 
d e s c r i b e d in de ta i l in p r e v i o u s r e p o r t s ^ * " ' ' ( see a l s o R e a c t o r D e v e l o p m e n t 
P r o g r a m P r o g r e s s R e p o r t s for Ju ly , Augus t , and O c t o b e r 1964, A N L - 6 9 2 3 , 
p. 86; A N L - 6 9 3 6 , p. 77; and A N L - 6 9 6 5 , p. 91). A s u m m a r y of the m a i n 
f indings of the e x p e r i m e n t a l w o r k wi th a l u m i n u m p a r t i c l e s is p r e s e n t e d 
h e r e i n , t o g e t h e r wi th a r e c e n t l y d e v i s e d m o d e l t ha t s a t i s f a c t o r i l y d e s c r i b e s 
the r e a c t i o n p r o c e s s . 

M o s t of the w o r k was c a r r i e d out wi th 0 . 1 - by 0 . 1 - by 0 . 0 0 2 - c m 
p i e c e s of a lumin t im foil . When m e l t e d , the foil p i e c e s f o r m e d s p h e r e s of 

32 
Chemical Engineering Division Semiannual Report. January-June 1964, ANL-6900, p. 242. 
Chemical Engineering Division Semiannual Report. January-June 1965, ANL-7055, p. 177. 
Chemical Engineering Division Semiannual Report, July-December 1963, ANL-6800, p. 327. 

^^Chemical Engineering Division Semiannual Report. July-December 1964, ANL-6925, p. 198. 
Chemical Engineering Division Semiannual Report. January-June 1965. ANL-7055, p. 181. 



aluminum approximately 0.018 cm in radius. The principal experimental 
findings utilizing l a se r -beam heating of these aluminum particles in a 
water environment a re as follows: 

(i) In pure water at room temperature (a pressure of 0.03 atm), 
the extent of reaction varied between 6 and 11%, and was independent of the 
laser output energy in the range studied--10 to 48 jou le s . " 

(ii) In room-tempera ture water, with one atmosphere of argon 
overpressure , the extent of reaction fell to about 1 and 3% at laser energies 
of 25 and 45 joules, respectively.^ ' No threshold for complete reaction was 
observed. 

(iii) In water at 100°C (one atmosphere pressure) and 181°C 
(ten a tmospheres p ressure) , no significant reaction was found until a crit i
cal laser energy was reached; at this energy and above, complete reaction 
was observed.^^"' The threshold energy was the same at both pressures . 

(iv) The average t ime for complete reaction at both 1 and 
10 atm of water p re s su re , as judged from the luminous time on high-speed 
films, using all the data now available, was about 0.21 sec. Cooling times 
for unreacted samples were very short, being a few milliseconds. 

Because of the highly protective nature of oxide films on alumi
num, no extensive reaction would be expected if the film surrounding the 
metal remained solid and intact. For aluminum part icles introduced into 
propane-oxygen-nitrogen flames,^^ for example, an ignition temperature 
has been identified with the oxide melting point of 2300°K. In the present 
studies, it would be expected that the aluminnm could not be heated by the 
laser beam above its boiling point. The l i terature ' indicates that in pure 
water (no inert gas present) at room tempera ture , the boiling point of alu
minum is reached at about 2150°K (the vapor p ressu re of aluminum being 
0.03 atm at that tempera ture) and the oxide melting point is not attained. 
(This point has been discussed.-*^) Reaction in room-temperature water 
thus resul ts in sporadic cracking and rehealing of a solid, protective oxide 
film. The e r ra t i c resul ts (6 to 11% reaction) and the observation of fragile, 
feathery, fan-shaped oxide formations on residues from reaction in room 
temperature water support this idea. 

When the water t empera ture is ra ised to 100°C, it is then pos
sible for the oxide melting point to be reached during the period of heating 
by the laser pulse. This should occur at a fairly definite energy, and ex
tensive reaction should occur in the absence of a solid, protective oxide film. 

" F r i e d m a n R., and Mac'ek, A., Combustion and Flame _6̂  9 (1962). 
" B r e w e r , L., and Searcy, A. W., J. Am. Chem. Soc. 73., 5308 (1951). 
"Kubaschewski, O., and Evans, E. LI., Metallurgical Thermochemistry, 

2nd Ed., Pergamon P r e s s , London (1956), p. 322. 
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O n c e p r o t e c t i v e n e s s h a s b e e n l o s t , t h e r a t e of r e a c t i o n s e e m s t o b e c o n 

t r o l l e d b y t h e r a t e of d i f f u s i o n of w a t e r t h r o u g h a h y d r o g e n b o u n d a r y l a y e r 

s u r r o u n d i n g t h e m e t a l p a r t i c l e . ( T h e w a t e r i n t h e c e l l a f t e r r e a c t i o n w a s 

f o u n d t o b e c o m p l e t e l y f r e e of s u s p e n d e d o x i d e , t h e r e b y i n d i c a t i n g t h a t r e 

a c t i o n b e t w e e n a l u m i n t i m v a p o r a n d H2O v a p o r w a s n o t i m p o r t a n t . ) 

T o t e s t t h e p r o p o s e d r e a c t i o n m o d e l , r e a c t i o n r a t e a n d s t e a d y 

b u r n i n g - t e m p e r a t u r e c a l c u l a t i o n s w e r e c a r r i e d o u t s i m i l a r t o t h o s e b y 

B a k e r a n d J u s t * ° f o r t h e r e a c t i o n of z i r c o n i u m a n d w a t e r . T h e c a l c u l a t i o n s 

w e r e p e r f o r m e d b y e q u a t i n g t h e r a t e of h e a t g e n e r a t i o n w i t h t h e r a t e of 

h e a t l o s s a n d s o l v i n g t h e r e s u l t i n g e q u a t i o n . 

T h e r a t e of h e a t l o s s i s t h e s u m of l o s s e s b y c o n v e c t i o n a n d 

r a d i a t i o n , a n d m a y b e w r i t t e n a s 

H e a t l o s s r a t e = h(47Tr^) (Ts - T ^ ) + a e ( 4 7 r r ^ ) ( T | - T ^ ) , 

w h e r e 

h = h e a t t r a n s f e r c o e f f i c i e n t ; 

r = p a r t i c l e r a d i u s ; 

T g = p a r t i c l e s u r f a c e t e i n p e r a t u r e ; 

T.y^ = w a t e r t e i n p e r a t u r e ; 

a = S t e f a n - B o l t z m a n c o n s t a n t ; 

G = emissivity. 

The heat transfer coefficient may be written in terms of the Nusselt number 

for heat transfer, 

, 2r 
Nu = h;—, 

^{ 

where kj is the film thermal conductivity. The Nusselt number for spheres 

in free convection is given by 

1/4 / ^ , , \ l / 3 
/ I/T-Wn'cr A T ' 

Ni; •"—(^^^^): (^i 
L., and Just, L. C, Studies of Metal-Water Reactions at High 

Temperatures. III. Experimental and Theoretical Studies of the Zirconium-

Water Reaction, ANL-6548 (May 1962). 

*'Bird, R. B., Stewart, W. E., and Lightfoot, E. N., Transport Phenomena, 

John Wiley and Sons (i960). 



w h e r e 

p = d e n s i t y ; 

g = g r a v i t a t i o n a l cons tan t ; 

AT = Tg - T ^ ; 

(i = v i s c o s i t y ; 

C = h e a t c apac i t y ; 

and the s u b s c r i p t f i n d i c a t e s tha t the p h y s i c a l p r o p e r t i e s a r e to be eva lu 
a ted for the H2-H2O f i lm s u r r o u n d i n g the p a r t i c l e . 

T h e r a t e of hea t g e n e r a t i o n is s i m p l y the p r o d u c t of the r a t e of 
diffusion of w a t e r t h r o u g h the gas f i lm s u r r o u n d i n g the p a r t i c l e and the hea t 
of r e a c t i o n . T h i s m a y be w r i t t e n as 

AP 
H e a t g e n e r a t i o n r a t e = hH(4Trr ) Q(Tg), 

R l f 

w h e r e 

h i = m a s s t r a n s f e r coeff ic ient ; 
d 

A P = w a t e r p r e s s u r e d i f f e r ence a c r o s s f i lm; 

T , = ~(^ - T ), the m e a n f i lm t e m p e r a t u r e ; 
f 2 ^ s Vî ' 

Q(Tg) = heat of reaction at Tg. 

The coefficient h ĵ may be related to the Nusselt number by 

, 2r 
Nud = ^d-^-

where D is the diffusion coefficient and Nuj is the Nusselt number for 
mass t ransfer . 

The Nusselt numbers for heat t ransfer and mass transfer are 
identical if the diffusion coefficient D and the thermal diffusivity (a = k/pCp) 
are equal. By means of expressions for the physical properties of films 
given below, the Lewis number (a/D) is found to be about 1.04, which is suf
ficiently close to one to allow a single expression for Nu to be used for the 
evaluation of both h and h^j. 

Values for /i, C , and k were taken from data tabulated by 
Svehla,*^ and averaged for equimolar mixtures of hydrogen and water by 

*^Svehla, R. A., Est imated Viscosit ies and Thermal Conductivities of Gases 
at High Tempera tu res , NASA-TR-132 (1961). 
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the p r o c e d u r e d e s c r i b e d by B i rd , S t e w a r t , and Lightfoot .* ' An e m p i r i c a l 
equa t ion w a s found which a d e q u a t e l y d e s c r i b e d t h e s e p r o p e r t i e s in t he 
r a n g e of Tf f r o m 1000 to 3000°K. The a c t u a l e x p r e s s i o n s u s e d in t he c a l 
cu la t ions a r e l i s t e d be low: 

kf = 1.575 X 10"* + 7.425 x 1 0 ' ' T^; 

^f = 1.160 X 10"* + 2.670 X 10"•^ T^; 

C = 2.351 T ° " " . 

The diffusion coeff ic ient m a y be e x p r e s s e d by 

D = 2.493 X 10"^ T J " / P , 

w h e r e P is the t o t a l p r e s s u r e . This e x p r e s s i o n for D was ob ta ined by 
u s i n g the p r o c e d u r e d e s c r i b e d by F u l l e r , S c h e t t l e r , and G idd ings . 

Froi-n the e x p r e s s i o n s for hea t g e n e r a t i o n and for D, it i s s e e n 
tha t the r a t e of hea t g e n e r a t i o n is p r o p o r t i o n a l to A P / P . In p u r e w a t e r th i s 
r a t i o is a lways 1.0 s i n c e we a s s u m e tha t a l l the w a t e r r e a c h i n g the p a r t i c l e 
r e a c t s . In t he c a s e tha t one a t m o s p h e r e of a r g o n o v e r p r e s s u r e was e m 
ployed, h o w e v e r , th i s r a t i o is l e s s than one and the r e a c t i o n r a t e wi l l fal l . 
The s ign i f i cance of th i s effect wi l l be d i s c u s s e d in de t a i l l a t e r . 

In choos ing an e x p r e s s i o n for Q(Ts ) , it w a s r e c o g n i z e d tha t the 
r e a c t i o n is not a d e q u a t e l y d e s c r i b e d by the equa t ion 

2A1 + 3H2O ^ AI2O3 + 3H2. 

The hea t g e n e r a t e d by th i s r e a c t i o n would l ead to i m p o s s i b l y h igh v a l u e s 
for t he b u r n i n g t e m p e r a t u r e . As t he t e m p e r a t u r e of r e a c t i o n i n c r e a s e s , 
the f o r m a t i o n of s u c h s p e c i e s as H, OH, and AlO c a u s e s a d e c r e a s e in the 
amotint of hea t l i b e r a t e d . T h e s e s p e c i e s m u s t be t a k e n in to a c c o u n t in c a l 
cu la t ing Q(Tg). A c o m p u t e r p r o g r a m us ing a f r e e - e n e r g y m i n i m i z a t i o n 
r o u t i n e , wh ich has been u s e d to c a l c u l a t e e q u i l i b r i u m a d i a b a t i c t e m p e r a 
t u r e s and p r e s s u r e s in s o d i u m - a i r r e a c t i o n s ( s ee P r o g r e s s R e p o r t for 
June 1966, A N L - 7 2 3 0 , p . 70), w a s u s e d to c a l c u l a t e c o m p o s i t i o n s and h e a t s 
of r e a c t i o n for the AI-H2O s y s t e m . The f o r m a t i o n of h y d r o g e n a t o m s w a s 
c l e a r l y t he m o s t i m p o r t a n t f a c to r in d e c r e a s i n g the amotint of h e a t g e n e r 
a t ed by r e a c t i o n at i n c r e a s i n g t e m p e r a t u r e . An equa t ion of t he f o r m 

Q(Ts) = a + /3T + yl"- +-Y 

w a s u s e d to fit c o m p u t e d Q v a l u e s . 

•*^Fuller, E . N. , S c h e t t l e r , P . D. , and G i d d i n g s , J . C , Ind. Eng . C h e m . 5i 
19 (1966). 
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Choosing a value for the emissivity of the burning particle was 
difficult, and calculations were carr ied out for pure water at one atmosphere 
for emissivi t ies ranging from 0.1 to 1.0. The effect of emissivity on reac
tion rate proved to be quite small, as would be expected, whereas the effect 
of emissivi ty on tempera ture increased with increasing particle size. In 
the part ic le size range of the laser experiments, the effect on temperature 
was not very great , however. An emissivity value of 0.3 was used in the 
subsequent computations. 

All the pertinent equations were combined and solved utilizing 
a CDC-3600 digital computer. The calculated results were then compared 
with the experimental value for average reaction rate for the 0.018-cm-
radius part ic le . The ear l ie r observation of a 0.21-sec reaction time yields 
an average reaction rate of 1.8 x 10"^ moles H20/sec. The calculated aver
age rates at 1 and 10 atm for r = 0.018 cm are, respectively, 1.4 x 10"^ and 
1.6 X 10"^ moles H20/sec . This is in satisfactory agreement with the 
experimental value. 

One additional experimental observation remains to be explained, 
namely, the observation that, in room-temperature water with one atmo
sphere of argon overpressure , a reaction threshold is not reached and the 
extent of reaction is small . The explanation for this lies in the dependence 
of the reaction rate on A p / p . In pure water this ratio is always exactly 
one. With an inert gas present, it is less than one, and the rate of reaction 
is reduced. In this case, even though the aluminum particle can be heated 
above the melting point of AI2O3 (2300°K), the steady-state temperature can
not be maintained above 2300°K, owing to a reduced reaction rate, and the 
particle is simply quenched. For this case, however, the value of AP/P for 
water at 25°C, namely, 0.03, cannot be used.« It has been pointed out ° that in 
both the z i rconium-water and uranium-water reactions, a value of 0.5 should 
be used for 25°C water because of the dynamic equilibrium existing at the 
water-water vapor interface. For the case being discussed here a value for 
A p / p of about 0.15 or below will suffice to lower the steady-state tempera
ture to a value below 2300°K. The difference between the value of 0.15 and 
that suggested by Baker of 0.5 probably resul ts from the much higher tem
perature involved here . 

The proposed model thus seems to account reasonably well for 
the main features of the reactions observed. It should be emphasized, how
ever, that this model is adequate only for small par t ic les . With massive 
aluminum samples , additional p rocesses , such as flow of molten metal and 
widespread rupture of the protective oxide, would be expected to give ex
tensive reaction at t empera tu res considerably below the 2300°K required 
for extensive reaction with the small par t ic les that were employed in this 
work. 

*°Ibid., p. 84. 



D. Plutonium Volatility Safety 

The environmental contamination control for volatility processing 
involves t reatment of gas s t reams containing plutonium hexafluoride and 
fission product fluorides (such as tel lurium fluorides) as well as t r ea t 
ment of gas s t reams containing reagents such as fluorine gas. Experi
mental programs are under way to provide information required for the 
safe containment of P u F j within ventilated enclosures and to investigate 
the chemistry of tel lurium fluorides and means for the disposal of gaseous 
reagents . 

1. Cleanup of Cell Exhaust Air Contaminated with 
Plutonium Hexafluoride 

Owing to the high volatility of plutonium hexafluoride (b.p. 62°C) 
and extreme toxicity of plutonium, it is necessary that highly efficient 
methods be used to prevent the re lease of plutonium to the environment. 
When P u F j is re leased into the atmosphere it reacts with mois ture in the 
air to produce solid PUO2F2, which can be removed from ventilation air 
by filtration with high-efficiency fi l ters. Under conditions of low mois ture 
concentrations, the reaction occurs predominantly on exposed surfaces, 
while at high moisture concentrations the reaction occurs in the gas phase 
to produce a fume of PUO2F2. A ser ies of experiments is being made to 
determine how each type of reaction affects filter penetration and to mea
sure plutonium particulate penetration through a ser ies of f i l ters . The 
apparatus used in these experiments is shown in Fig. 32. A disc of filter 
media is mounted bet"ween two glass funnels to form a filter unit. Each 
unit is tested for DOP (dioctylphthalate) penetration pr ior to use. 
Four units are assembled in a ser ies before the entire assembly is placed 
in the glovebox. Four filters a re required to measure accurately low-
level plutonium penetration of the second filter. The function of the 
third filter is to contain mater ia l penetrating the second filter; the 
fourth filter serves to preclude back-contamination of the third filter. 
A s t ream of PuF^ in dry air is mixed with a moist air s t ream in a Plexi-
glas chamber. Analyses of the filters are difficult owing to the small 
quantity (10"' mg Pu) of plutonium on the f i l ters . 

Twelve experiments have been completed and analytical work is 
now in progress . Results will be reported as they become available. 
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Fig. 32. Apparatus for Filtration of Plutonium Particulate Material 
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